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STARTING THRUST TRANSIENTS OF
SOLID ROCKET ENGINES*

by

W. J. Most and M. Summerfield

July, 1969

Guggenheim Laboratories for the Aerospace Propulsion Sciences
Princeton University, Princeton, New Jersey

ABSTRACT

In the past, the design engineer has been forced to ;~ely on empirical
and statistical knowledge of previous firings in order to design the ignition
system of a solid rocket motor or to predict the starting delay time of a given
rocket-igniter system. In order to predict the entire ignition transient ana­
lytically, the processes of local ignition, heat transfer and subsequent flame
propagation and the gas dynamics of the combustion chamber must all be de­
scribed quantitatively. Each of these elements has been the focus of exten­
sive research in itself. The purpose of this paper is to present the results
of these research efforts, in our laboratory and elsewhere, in relation to
the objective of predicting analytically the entire ignition transient6

A particular analytical model, developed for the class of engines with
large port-to-throat area ratios and head-end mounted pyrogen igniters, is
presented. This model characterizes the local ignition event by ascribing to
the propellant a critical surface temperature for ignition and by including a
surface heat release term to account for exothermic decomposition while the
surface is still below the critical temperature. Flame spreading is described
by coupling this ignition model with a general description of the heat trans­
fer from the gas phase to the unignited propellant grain. Any propellant
burning rate law, steady or nonsteady, can be used once ignition has been
achieved. The model is completed by the dynamic energy and continuity equa­
tions for the motor free volume. This particular model is compared to others
which have appeared in the literature, with special attention paid to those
reports in which comparisons between theoretical predictions and experimental
test firings are offered.

The limitations of the various models are examined, especially with re-
gard to those particular assumptions which Gannot be justified experimentally.
The applicability of the various models for the prediction of marginal (hangfire)
situations is examined.

This paper concludes that the analytical models nQW available can pro­
vide useful predictions of the entire ignition transient, at least for the
class of motors for which they have been developed, and this has been verified
experimentally.
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NOMENCIATURE

A total area exposed to igniter action
0.. leading edge parameter (a length)
A total propellant grain area
A port area
As Arrhenius pre-exponential for surface heat release
A.t: rocket exhaust nozzle throat area
~~gniter nozzle throat area
C hypergo1 concentration at surface
~hypergo1 concentration in main stream
~hypergo1 concentration leaving ignited region
Gp specific heat
c;!J characteristic velocity = oJ~/r
~diameter of port
n~~diameter of igniter nozzle
cit diameter of exhaust nozzle throat
~~thresho1d ignition energy at 100 psig
e internal energy of gas
~~tota1 enthalpy difference across boundary layer, per unit mass
A~~heat of reaction per unit mass
n enthalpy per unit mass

h.-"heat transfer coefficient
h~ftheat transfer coefficient due to igniter alone
\(" ApIA t
It- constant in burning rate law, \'"$1= kP...Y'l

1<", mass transfer coefficient
L length of propellant grain
~ characteristic length of rocket chamber =~~A~

~6mass burning rate
Me instantaneous mass of 'gas in combustion chamber
~,mass of gas in combustion chamber at equilibrium
m.."igniter mass flow rate
~"fttotal mass of igniter gas
Ww mass flow rate through exhaust nozzle
~ power in burning rate law
w reaction order

N\lo Nusse1t Number based on diameter
NU01lDittus-Boelter Nusse1t Number = o.o2"&1O?e~a?:.41

NUll Nusse1t Number based on x
'P perimeter of port
P dimensionless chamber pressure = .".../"P~'I
"P, chamber pressure
V~:f~hamber pressure at equilibrium
p~ pressure achieved by firing igniter in inert motor
?.. Prandt1 Number
~ heat release parameter
~ total igniter heat release
~~ required ignition energy per unit surface area
~onvective heat flux
~~e1f heating energy flux
"l' dimensionless burning rate = '<W!("'ect",1
~vdynamic burning rate
~~burning rate at equilibrium chamber pressure
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-fop rate of flame propagation
~~quasi-steady burning rate
R specific gas constant

~eoReynolds Number based on diameter
1<el( Reynolds Number based on x .
S dimensionless burning area = S./A1!>
'Se instantaneous burning area
~ Stanton Number
t time
*~ characteristic time of chamber = L~/r2~.
'\ dimensionless chamber temperature ="lcV.,-,\<
Ie. chamber temperature
~~temperature of igniter gas
~~ flame temperature
~9 gas temperature
~~ignition temperature of propellant
"'-0 initial temperature of propellant
~.surface temperature of propellant
u gas velocity

UM main stream gas velocity
\I, chamber volume
~ axial distance
y distance normal to propellant surface
b~ species change due to chemical reaction

Greek
eXp thermal diffusivity of propellant
6· ratio of annular area between igniter nozzle and motor nozzle to motor throat area
~ ratio of specific heats
.r a function of 'lS , = ~-'t-'-i::;'-J""'~""-""':I
~thermal conductivity of chamber gases
~pthermal conductivity of propellant
~,viscosity of chamber gases
~ density of chamber gases
~ density of propellant

<{ dimensionless time =""Vi;'"
~~otime for first element of surface to ignite (induction time of rocket motor)
~ area normal to flux
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I-INtRODUCTION. The continuing trend toward larger, more sophisticated, and more
'~xpensive solid propellant rocket motors requires greater accuracy in the pre­
diction and control of the thrust transient during ignition. This is the in­
terval between the beginning of the igniter action and the attainment of full
thrust at the design operating conditions. In the past, the design engineer
has been forced to rely only on empirical and statistical knowledge of pre-
vious rocket firings. This approach is costly, time consuming and unending.
It requires test firings under all possible conditions of altitude and am-
bient temperature under which the rocket motor may be required to function,
since there is no reliable means of predicting the effects of such variables.
This is an unending process because no knowledge is gained about the basic
mechanisms involved. The experience gained in an extensive test firing pro-
gram with one rocket motor can be extrapolated to the next motor only with great
caution, and only if the two motors are of similar design. The purpose of this
paper is to review in a critical manner the attempts to achieve rational quan­
titative answers to these design problems on the basis of a theoretical treat­
ment of the underlying physical processes involved in the ignition transient,
at least for those classes of rocket motors which have been treated analyti­
cally to date.

The increasingly rigid specification of rocket motor performance charac­
teristics forces the designer to concern himself with various aspects of the
ignition transient. The overall time of the transient and the shape of the
pressure rise curve are of primary importance. The time from initiation of the
ignition signal to the onset of full thrust must be kept within specified
limits and must be reproducible. The igniter must be perfectly tailored to the
motor to avoid pressure overshoots above the design conditions in order to avoid
exceeding the stress limits of the motor casing. Since the propellant grain and
the motor casing have a viscoelastic nature, the rate of pressurization as well
as the maximum pressure are critical parameters in the structural design. An
excessive pressurization rate (ignition shock) can cause a failure even when
the pressure is below the design limit. This is particularly critical at low
ambient temperatures. Often even more stringent requirements are placed on
the pressurization rate by the need to protect delicate payloads and guidance
systems. Detailed knowledge of the thrust variation during the ignition tran­
sient may be required when solid propellant rocket motors are used for critical
trajectory and attitude control.

The sequence of events and physical processes which take place during the
ignition transient of any solid propellant rocket motor are exceedingly com-
plex and difficult to model analytically. Many of the physico-chemical pro­
cesses which are only a part of the overall ignition transient have been the
subject of active research for many years. Before any theoretical modelling is
attempted, a description of the overlapping chain of steps in the ignition tran­
sient is in order. At zero time the igniter is ignited by an initiator. This
initiator is commonly an electric match, a bridge wire or some such device.
This begins a "sub-sequence of events" in the igniter chamber which is similar
to the sequence of the motor itself. However, due to the small scale of the
igniter compared to the main motor, quasi-steady igniter operation for pyrogen
igniters is usually achieved on a time scale small compared to events in the
main motor. Some types of pyrotechnic igniters never reach quasi-steady opera­
tion, but their action times are short. In either case, we take the igniter
output as a pre-calibrated input for the motor. As the igniter begins to operate,
the propellant grain begins to receive an ignition stimulus. A flow pattern and
a pressure are established within the motor free volume. The establishment of
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this flow pattern may be accpmpanied by traveling shock waves. The ignition
stimulus may take many forms: convection from hot igniter gases, impingement
by hot condensed phase particles directly on the propellant grain, radiation
from hot gases and particles and/or chemical attack by hypergolic materials.
The areas of the propellant grain receiving the highest ignition stimulus are
brought to ignition first. The chamber pressure begins to rise due to the
mass addition. The region(s) of first ignition begin to spread. The mass
flux from the burning surface augments the igniter stimulus and interacts
with the flow field. Due to the rising chamber pressure, the behavior of
the igniter may be affected, for example, by unchoking of the igniter nozzle
or by significantly altering the penetration into the motor free volume of
an aft end igniter jet. At some time full ignitedness of the exposed propel­
lant grain is achieved. This generally occurs when the pressure is approxi­
mately half of the design operating pressure(5,6,7,8). The chamber pressure
continues to rise until the equilibrium operating conditions are established.
Throughout this sequence of events the mass addition from the propellant grain
may be a function of the instantaneous pressure, the rate of change of pres­
sure and gas velocity in the motor port.

Out of this description emerge the elements essential to any overall theo­
retical model of the ignition transient. First, the igniter and its output
must be described in terms of placement (head-end, aft~end or distributed),
type of igniter, principal products, dominant mode(s) of energy transfer, time
history, and flow pattern established by the igniter. Second, the local ig­
nition event must be defined and the response of the propellant to the various
possible stimuli must be characterized. Third, the mechanism for the propaga­
tion of ignition (flame spreading) must be described. This must involve a
description of the energy flux (heat transfer) from the hot gas to the solid,
and into the subsurface regions, until the moment of ignition. Fourth, the
burning rate behavior of the solid propellant must be described, once ignition
has been achieved. In particular, the coupling of the burning rate to the
rapidly changing pressure (dynamic burning response) and velocity (erosive
burning) must be considered. Fifth, the proper gas dynamic equations must be
written for the gas flow in the chamber. All of these elements are, of course,
coupled one to the other, resulting in a complex assembly of simultaneous
equations to describe the ignition transient. The first element, character­
ization of the igniter and its output, is not amenable to general analysis.
However, given a theoretical model for elements two through five, the igniter
designer will at le~sthave a rational means of optimizing the igniter output,
time history and placement.

A particular model and analysis of the entire ignition transient will now
be presented. It is not surprising that this particular analysis is the
evolved result of work of the authors of this paper and previous co-authors.
This model is presented at this juncture of the paper in order that the reader
can connect the confusing coupling of the many complex processes described above
with more concrete and tangible concepts. Having given substance to the essen­
tial elements which any analysis must encompass, the literature can then be
efficiently explored for alternate approaches and possible improvements and
modifications.

II. :HYSICAL MODEL OF THE I~NITION TRAN~IENT. The analytical model of the ignition
trans~ent developed here is most directly (but not exclusively) applicable to
the class of rocket motors with large port-to-throat area ratios, which are
ignited by gas-producing (pyrogen) igniters located in the forward end of the
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~ngine. Igniters of this class are' actually small, easily ignited rocket
motors which exhaust their combustion products into the port of the main motor.
Among the basic characteristics of motor-igniter combinations in this class
are that the gas flow is. directed primarily toward the motor exhaust nozzle
and that the ignition of the main propellant grain depends on convective and
radiative heat transfer from the flowing gases. Usually, there is a station­
ary shock pattern within the igniter exhaust jet. Downstream of this shock
pattern the flow is a highly turbulent subsonic flow. This igniter jet shock
pattern will move in response to the rising pressure within the motor port.
For the purposes of this work the boundary condition is considered just down­
stream of the shock pattern. Thus, this study does not consider the nonsteady
interaction of the flow or pressure fields with the shock pa~tern.

As will be seen in the analysis, certain elements of the model are close­
ly coupled to this particular class of solid propellant rocket motor and
igniter combination. However, other aspects of the model do not depend in
any way on the simplifying assumptions permitted by this particular class of
motors. Both the restrictions and general applications of the analysis should
be borne in mind.

II-A. LOCAL IGNITION AND SOLID PHASE HEAT-UP. The basic ignition mechanism of solid
propellants is- the subject of continuing intensive investigation. Various
models of the elementary ignition events discussed in the le~earch literature
have been reviewed extensively elsewhere (Price, et. a1. (1 5). At this point,
however, the only "model" which can be easily applied to the propagation of
ignition over a propellant grain is the simple thermal theory: the attainment
of some critical ignition temperature at the surface of the propellant. This,
of course, is an extremely simplified view of the complex events leading to
ignition. This is justified on the theoretical grounds for relatively slow
ignitions (ten milliseconds or more) in which the heating up of the surface
represents the largest part of the overall ignition time. In rapid ignitions,
the physico-chemical rate processes become prominent, and then the simple con-
cept of a critical ignition temperature must give way to a more elaborate
description of the ignition event. See Reference 116 by Oh1emi11er and
Summerfield for a discussion of the point. The surface temperature criterion
has been adopted in the present treatment of the pressure transient because the
rate of ignition and flame spreading is relatively slow in the class of engines
described above.

The adoption of the simple critical ignition temperature criterion re­
quires a description of the solid phase heat-up process. The complete heat
equation for an element of the solid ~~ in length is written as

The following simplifying approximations are made: It is assumed that
?r/c)-f» ~~%)(a., so that the latter can be neglected. The convective term
is considered to be negligible during the ignition interval. (This assump­
tion is examined below.) The propellant is assumed to be completely inert
internally until the critical ignition temperature is reached, and above this
temperature the burning rate is assumed to be governed by a given burning rate
equation. (The propriety of the many possible burning rate expressions, both
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steady and nonsteady, is discussed in Section II-D below.) These approxi­
mations reduce the equation to the form

or QLT
(rl: = ~ ?r-f 2-

with the accompanying boundary conditions,

T(j..,'1,o) = -r:
T(~,~,t)= ':

The heat diffusion equation and the boundary conditions are solved by the Laplace
transform (see, for example, Ref. 129) for the propellant surface temperature.

S
1: •

T - -r + -L ~o(y' ~ d"1'
~ - '0 ~p "[t'" 0 (t-""t'

Given this relationship between surface temperature and time, the assump­
tion made above, that the convective term is negligible during the ignition
interval can be examined. This assumption has been justified by the numerical
calculations of Hermance(131). However, it can be reasoned in a less labor­
ious way: The rate of change of surface temperature is obtained by considering
a constant heat flux and differentiating the expression for Ts •

en; _ .-L.. ~ 0<1'
1 A­

ut - 2~ 'IT .et'
If an Arrhenius type pyrolysis law is assumed for r , the convective term can
be evaluated at the surface by using the boundary condition on the heat flux.

By evaluating these expressions for "i1("6/~ A.~cl 't'?T"~ , it can be shown that
the two terms are the same order of magnitude near the ignition temperature.
However, the absolute value of the convective term is increasing exponenti-
ally, with the power of the exponential proportional to l/iV~ OT")t is
decreasing proportional to '/i~ From this it can be reasoned that, de­
spite the fact that the two terms become the same order of magnitude near the
ignition temperature, the integrated effect of the convection term is negligible.

The simple critical ignition temper~ture criterion and solid ph~se heat-up de­
scription cpn be used successfully by the igniter designer only if it is approached with
caution. It must be insured independently, for example, that the pressure en­
vironment is above the minimum ignition pressure. The simple criterion in it-
self would predict ignition even in a hard space vacuum! The simple criterion
must also be viewed with caution when considering the mode of energy transfer
and the rates of transfer which can be reasonably expected from a given igniter.
The criterion may become a bad approximation at lower flux levels for radiation
input than for convection or conduction input. Bastress(79) has successfully
correlated convective ignition time~ wi~h the simple thermal theory in the range
of 150-200 ca1/cm-2 , but Oh1emi11er~11l) and Baer and Ryan(98) have reported
radiative ignition data which shows divergence from the simple theory for con-­
siderab1y lower flux levels. This earlier breakdown of the simple ignition

-:4-



criterion for radiative situations has been reasoned(116,117) to be due to the
~act that the incipient gas phase reactions are more temperature sensitive in
the cold atmosphere-radiation case than in the hot atmosphere-convection case.

Another point which must be considered in regard to the mode of energy
transfer has to do more with the solid phase heat-up than with the ignition
criterion itself. The energy input to the solid, due to convection or con­
duction heat transfer or hypergo1ic heat generation at or near the surface,
can, in general be considered to be deposited right at the surface. However,
radiative transfer may be received by the propellant in quite a different way.
In this case reflection and scattering at the propellant surface and energy
penetration in-depth must be considered.

With these danger areas in mind various degrees of sophistication can be
added to the simple ignition temperature criterion. For example, the ignition
temperature as a function of pressure level can be determined empirically
from properly conducted ignitabi1ity experiments using a variety of energy
sources: convection or radiation (arc image or laser).

As was pointed out above, one generally becomes suspicious of the critical
surface temperature criterion when the ignition times become short. However,
this work presents another improvement in the criterion at the other end of
the ignition time spectrum, i.e., for very long ignition times. It was ob­
served that the quality of the comparison between computer predictions of the
ignition transient and experimental test firings degenerated for increasingly
marginal situations. (The complete basis for these theoretical predictions
and the details of the experimental work has not yet been presented. The
reader is asked to bear with this obvious disordering so that the analytical
model can be presented in its entirety. The experimental work related to this
aspect of the model is presented in Chapter IV, Section C-3.) It is hypothe­
sized that the discrepancy between theory and experiment is caused by the simple
ignition temperature criterion. This criterion states that the propellant is
completely inert thermochemica11y until a critical ignition temperature is
reached. However, it is known that exothermic preignition reactions in the gas
phase and/or on the surface contribute to the heating up process (Refs. 119,
120 and 121). This heat is released close to the surface by decomposing
ammonium perchlorate and perhaps by interface reactions between the AP and
the fuel binder(132) This contribution seems to be negligible in vigorous

~ heating, rapid flame spreading situations, but its character seems to be of
critical importance in marginal (hangfire) cases. This energy release rate at
the propellant surface (or near it), while the surface temperature is still below
the ignition temperature, is described in this work in a very approximate way
by:

=

This implies that the integrated effect of exothermic heat release below, at,
and above the propellant surface is assigned to the surface. This allows the
nonlinear term representing the distributed heat release to be taken out of the
differential equation and placed in the boundary condition. Thus, the boundary
conditions on the heat diffusion equation now become

T( ,c.'i, 0) =

"-(~,oo:tlt) =

T o
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This surface heat release term will be important only in situations where the
energy flux due to surface reaction becomes comparable to the energy flux from
the gas above the surface.

II-B. PROPAGATION OF IGNITEDNESS. Having characterized the local ignition event
and described the solid phase heat-up, the next mechanism to be considered is
the propagation of ignitedness. Extensive photographic observations of rocket
motors (Ref. 6, 7, 8, from this study) during the ignition transient confirms
the fact that a flame front propagates progressively over the propellant grain.
Although the demarcation between the ignited and unignited regions is not a
sharp line, the useful concept of a flame front can be retained.

In the classical case of flame propagation through premixed gases, the
available modes of energy transport to ignite the successive "layers" of gas
are conduction of heat and diffusion of radicals from the burned zone to the
unburned zone and radiation from the flame front itself.

~~....(i)
~NVl~~(2)

T

-----------------..... x
LA."'" 1\)A.ct.

'Pas- "", xEO
~I-Il\o""'e.

~ CD Cot..'bUc:.-rtON 0 f= tt£AT

l ~ bOt A-nOt-' s:RO,,", f=I-AM e.

In the case of flame propagation over a solid propellant, four paths of energy
transport are available to ignite the propellant: conduction through the solid,
radiation from the flame front, convection from the gas-phase boundary and
radiation from the flowing gas and hot particles.

'J)tltlsc:.TIOW oF' l:eoPA~Tlo~
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~For rocket motors with gas-produci~g igniters located in the forward end, the
dominant mode of energy transfer to the propellant surface is usually convec­
tion via the gas-phase boundary layer. Radiation, if it is to be important,
will be dominated by the contribution from the flowing gas and from hot par­
ticles in the flow, not from the flame front itself. This can be reasoned
from the geometry of the situation - The flame zone is perpendicular to the
surface whereas the flow is adjacent to and parallel to the surface. Con­
duction through the solid phase is a slow energy transport path because of
the low conductivity of the propellant.

Another observation which argues against the solid-phase conduction and
flame front radiation paths is that the flame is occasionally observed to
"jump" to a location considerably in advance of the main flame front. The in­
teresting point is that these advance flame lets do not spread, but remain
relatively stationary until overtaken by the main flame. This seems to indi­
cate that these localized points received higher heat flux than their neigh­
boring elements. A mechanism by which this could occur is through localized
irregularities in the surface increasing the local convective heat transfer.
Conduction through the solid and radiation from the flame front would heat the
unignited surface more uniformly, independent of the localized character of
the surface.

From this, it is hypothesized that the ignition of a given surface element
depends only on the convective or radiative heat flux from the flowing gas
phase and does not depend on the thermodynamic state of its neighboring ele­
ments. The ignition of a given surface element may depend on the element's
position relative to the flame front, but only indirectly through the flame
front's interaction with the convective boundary layer. This theory of flame
spreading is not, of course, the only one which has been advanced. For
example, Refs. 91 and 92 have advanced a model which views flame spreading as
a continuous gas-phase ignition process driven by radiation directly from the
adjacent flame front. (This model and others will be discussed in detail in
Chapter III.) The model advanced here is, however, quite reasonable for situ­
ations dominated by strong convection from the flowing gases. The experimental
verification of this model is given in Chapter IV.

The description of the gas phase heat convection to the propellant surface
is an extremely difficult problem. This problem has received a great deal of
attention and will be discussed in detail in the review section. and experimental
section of this paper. The flow field in any rocket motor differs from an
idealized, solvable boundary layer pattern. The entering flow field is not
uniform because of the igniter jet breakup and/or shock pattern. This results
in a poorly defined leading edge and an unknown turbulence level and intensity.
The surface over which the flow passes is rough. There is mass addition from
the surface. Axial temperature gradients, and hence property gradients, are
known to exist. The flow is nonsteady, particularly during the rapid part of
the flame spreading interval. It is sufficient at this point simply to say
that some description of the heat flux is necessary in order to evaluate the
surface temperature as a function of time,and position. Obviously, such a
description must account for both the geometry and the boundary conditions of
flow for each individual situation. For the geometry and flow conditions con­
sidered in this study the variation of the boundary layer film coefficient,
hconv ' with the flow parameters of the hot gas stream was determined by system­
atic heat transfer tests. These tests were performed in a motor both with an
inert grain and with a live propellant bed where the flame moved toward the
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flux gauge as the mass flow rate increased. (This latter point, the possible
interaction of the flame front with the gas flow, has been overlooked in many
studies.) Based on these tests an empirical Nusse1t number-Reynolds number
correlation was produced. (Fig. 1). (The details of the experiments leading
to this correlation are given later.)

NU"+4
0.8

O.07~1<e..
..+4L

This leads to
I~) 0 ••

hc.o...~ = 0.0734 \:X-t'A. 'Ke"+4L

4CaMli = hc:.a~ (..,..,-T~

The parameter "a" here is a leading edge term. Physically it should cor­
respond to the point at which the boundary layer growth begins. It also serves
to avoid the obvious error of predicting an infinite heat flux at the leading
edge of the propellant grain, x = 0'. The effect of "a" should disappear down­
stream as ~ becomes longer than a.

The driving potential across the boundary layer can be approximated by
(T - T ) ~ T if the gas temperature is large compared to the range of surface
te~pera~ures Sf interest. A further approximation made in this study is that
the driving temperature can be taken as constant in time and uniform in space.
This point will be discussed in detail later.

It should also be pointed out that the mass flow rate appearing in the
Reynolds number is not simply the mass flow rate out the rocket nozzle, as it
would be in the steady flow case. The mass storage downstream, between the grain
location in question and the nozzle, can be appreciable and must be considered
in order to calculate the correct flow rate. Many of the heat transfer studies
appearing in the literature were done with steady flow conditions where this is
not important and thus this point is not usually emphasized. The correct mass
flow rate should be written as

•M =lC.

In this way the heat transfer calculation is coupled to the bulk gas dynamic
model for the free volume of the motor.

The empirical heat transfer correlation given above is in the form of a
steady state correlation. It is used to represent the convective heat flux in
a highly nonsteady flow field where the mass flow rate is continually varying.
As indicated, the nonsteady mass balance is used to obtain the instantaneous
flow rate. The steady state form of this correlation implies that the boundaty
layer which controls the convection is quasi-steady, adjusting to the varying
conditions on a time scale small compared to the variation in mass flow and
pressure. However, very simple considerations of the momentum equation for the
boundary layer show that the characteristic time for adjustment of the boundary
layer is the same order of magnitude as the residence time of the chamber. This
implies that the boundary layer will adjust at approximately the same rate as
the pressure and mass flow. Thus, an inconsistency arises and one is driven to
the conclusion that nonsteady terms should appear in the heat transfer equation.
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Unfortunately, there is no adequate theoretical analysis of a boundary layer
flow over a rough surface with mass addition and chemical reaction. Without
such an analysis, there is no guide to the nature and form of the appropriate
nonsteady terms. The use of an e~pirical correlation in the form of a steady
state equation can be justified only on experimental grounds. The experimental
verification of this assumption will. be discussed later .•

II-C. GAS DYNAMIC MODEL The analytical model of the ignition transient is
completed by the gas dynamic equations. A control volume defined as the free
volume of the rocket chamber is consi~ered. The thickness of the flame above
the propellant is assumed to be small compared to the dimensions of the com­
bustion chamber. This results in a reaction-free control volume. (This
assumption would not be exactly valid for aluminized propellant. The aluminum
additive is known to burn in a distributed fashion throughout the combustion
chamber.)

/./ I /

--.~.. ";'11/

II

As the propellant burns, the control volume will vary with time. However,
the time scale_of the ignition transient is short, un the order of 200 milli­
seconds, and the burning rate of most propellants are low, on the order of
0.2 in/sec. Thus, the volume of propellant consumed during this interval is
small enough, compared to the free volume, that the change in free volume can
be ignored.

It is also assumed that the convergent section of the exhaust nozzle is
short compared to the motor length. This allows the control volume to be treated
without considering the rapid pressure and temperature changes associated with
the nozzle.

II-C-l: MOMENTUM EQUATION In rocket motors with large port-to-throat area ratios,
there is very low Mach number flow in the port. For a port-to-throat area ratio
of about 6, a simple isentropic calculation shows that the Mach number at the end
of the motor port (the nozzle entrance) would be less than 0.1. With this situa­
tion, the pressure gradient down the motor port would be negligibly small. This
can be seen from an order of magnitude analysis of the axial momentum equation.

~+(~I'kh>)()cl)(

U -t (Z>"'/21)()c:l JC.
1>... @~)() 4JC.

1>u ~ z.~ oUP7Jt -t" U~ -to U -Z>" -+ 2fU~
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This is nondimensionalized with respect to a characteristic chamber dimension,
x* , and a characteristic residence time, -t.....

For isentropic flow of a perfect gas

The nondimensional momentum equation becomes

_".§i'P = )5M-a..~ ()~ + )MZ,~· t.e+ ~M2. 7>-tf + 2 '>IM
1 o~

The leading terms in this relation are all of the order M2 • Thus, it can be
concluded that for M~O.l the momentum equation is simply VP..... O. This effec­
tively uncouples the momentum equation from the other conservation equations.
This approximation would have to be reconsidered for high performance rocket
motors with port-to-throat area ratios of less than 6.

II-C-2: MASS CONTINUITY EQUATION The mass continuity equation can be written
as

dW\c. • • •
d-t -r VV\N = \M.,& -t- M t ,,,, II-I

On the left hand side are grouped the sink terms, the rate of mass storage
and the flow rate out through the exhaust nozzle, ~~. The mass burning
rate, ~ , and the mass addition from the igniter, ~~~, are the source
terms. The mass in the chamber at any instant can be written as W\c- (I,Ve. where
V~is considered to be constant.

The mass addition from the igniter depends largely upon the properties
of the given igniter system. This makes a_ general analysis impossible. The
igniter flow rate is a function of the conditions in the motor only when the
igniter nozzle is unchoked; that is, when igniter operation is just beginning
and when the chamber pressure has risen to the point where the igniter throat
again unchokes. In these cases, the igniter flow would be coupled to the chang­
ing motor pressure through the standard unchoked nozzle equation. However,
because of the small scale of the igniter compared to the main motor, the char­
acteristic time of the igniter is small compared to that of the. main motor.
Thus, the igniter nozzle is choked on a time scale which is short compared to
the time scale of events in the motor.

The class of igniters modeled in this study are usually operated at pres­
sures above 1500 psia in order to attain high mass flow rates. Normal motor
operating pressures are less than 1000 psia. Flame spreading, and hence the
need for igniter operation, usually 1scomplete when about half of the operating
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pressure has been reached. Thus, unchoking of the igniter nozzle by the rising
pressure would be encountered only after igniter burnout. At this point, in a
successful ignition at least, the mass addition from the igniter would be small
compared to that being generated·in, the main motor and could safely be neglected.

After igniter burnout the free volume of the igniter is also available to
be filled by gases generated in the main motor. Thus the control volume under­
goes a step change. As mentioned above, the igniter volume is usually very
small compared to the motor free volume and can be safely ignored. However,
these assumptions must be questioned when unusual igniter designs are considered.

The exhaust nozzle is assumed to be always choked. Igniters of the class
considered generally supply a sufficient flow rate to choke the motor nozzle.
The choking takes place within one or two chamber characteristic time units.
This time scale is short compared to the overall transient.

The mass flow rate from the burning surface is written as ~.= Pp'S.(~)rlD
where PP is the propellant density, :::S.(-t.-) is the instantaneous ignited sur­
face area and VOlt is the linear regression rate of. the propellant. SeCt)
changes as flame spreading takes place. The burning rate, ~. , may be a function
of both the pressure and the rate of change of pressure. This will be discussed
below.

These assumptions and the perfect gas law reduce the mass continuity
equation to

= 11-2

II-C-3: ENERGY EQUATION The energy equation for the free volume of the rocket
motor is:

n-~

The propellant combustion zone is outside the control volume, and thus there
are no source terms due to chemical reaction in this equation. The heat addition
term would actually be the heat loss from the flowing gases to the propellant
grain in order to ignite the grain. The very purpose of an igniter is to under­
go such a heat loss. Ho"!ever, it is assumed for now that this loss is small
compared to the total energy of the gases and can be neglected. The propriety
of this assumption is discussed below in those sections dealing with heat trans­
fer. Unless the rising pressu~e significantly deforms the propellant grain,
the body work term will be negligible compared to other terms in the energy
equation.

The internal energy,e , is written. in terms of the enthalpy and the
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energy equation is rearranged.

(II-4)

The gases within the control volume are assumed to be calorically per­
fect. Thus, the enthalpy is a function only of the temperature. This re­
quires a reaction free control volume.

('e
dh=' .It: ~cn-

o

It is further assumed that CvTc. >~ (h
o

- c,.,;)
In the development of the momentum equation it was shown that the class

of rocket motors considered here have low Mach number flow in the port

z. ~u~M = A Z. = - ~tt:.'" '¥'tlTc.
This leads to the conclusion that

These assumptions allow the energy equation to be simplified to

II-5

In order to integrate this equation over the entire control volume, it must
be assumed that both pressure and temperature are spatially uniform, v~:: 0

and ~1r~=O. The propriety of these assumptions will be discussed below.
It is sufficient at this juncture to say that the energy equation can be inte­
grated under these assumptions.

II-6

Using the relation ~c=p~V~and the perfect gas law this equation
becomes:

-+ d~T~ + Wl",,: -m&""~ - .Mt~V\Tc.~~ =- 0

Now if the mass continuity equation, II-I, is multiplied by 1r~ and subtracted
from the energy equation multiplied by Y , the result can be written in the
form

II-7

and
By using the choked flow equation for ~~, the perfect gas law for ~, '
P.. S.~)Y-_ for Ma , this equation can be rewritten as
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Equations 11-2 and 11-8 are now nondimensionalized by introducing the
fotlowing dimensionless variables:

1= T~T~GJt, Ti~W\-Tc~yC\~~ , ~= S~"&

~= Yt:.- = ~/[~1
/ . l'1c,,-J

The dimensionless mass continuity and energy equations are:

~Q? + "7.,.-'4 - ~V" - ~t~,,-=- <::> 11-9

~ -+- ("_~T~h. ~ :SJ-r c-r--Y=f) +~",,,,=f('tT'1,,,--r) =-0 II-IO

The second equation is substituted into the first equation to eliminate
~/d"C . This yie Ids .

~. ~ "6 LoS Y'.::r - 'IT~ 0\- ~t,,,,1 \:it"'"} II -11

~ =- ~L(~T- T)S~-(1-I'rp'rYz. ~ !M.~"(t·n,,,,-T)] II-12

These are two nonlinear, coupled, ordinary differential equations for the chamber
conditions, P and T. These equations are coupled to the ignition and flame spread­
ing analyses through 8, the nondimensio~al burning area. The non-dimensional burn­
ing rate, r, and the flame temperature T, may be functions of both the instantan­
eous pressure and the rate of change of pressure. Thus, the equations are even
more nonlinear than they first appear. rand T as functions of p and dp/dt would
have to be given by additional analysis concerned with the nonsteady burning rate
mechanism(13l). Further, the nonsteady burning rate and temperature in these
equations represent only a first order correction. This is because rand Tmay be
functions of position on the grain due to their sensitivity to the thermal profile
in the solid. The heat flux-time history to each surface element is different and
consequently the initial thermal profile at ignition varies with position.

Closed form analytical solutions to this complex system can be found only
under severely limiting assumptions(5,6,7). For example, if flame spreading is
complete (8 = 1), the igniter action is terminated (mign= 0) and the chamber tem­
perature is assumed to be constant, the equation for p is a Bernoulli equation
which can be linearized and solved analytically for p(t).

~= Lt - (\- 'Px'-w\) e '6(I-~etJ }'t-",

'where PI is the initial pressure. However, the majority of interesting cases
clearly fall outside the useful range of these limiting assumptions. For this
reason a digital computer solution has been resorted to through this study. The
computer prediction program used in this study is given in Ref. 134.

It has been assumed, largely without proof through this development, that
the gas properties are spatially uniform. As was shown above, the axial pressure
gradient is small for large port-to-throat area ratio motors. It is also quite
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reasonable to assume that radial pressure gradients are small because there is
no mechanism to support such gradients. The spatial variation of temperature
is quite another matter. The purpose of the flowing igniter gas is to trans­
fer its thermal energy to the propellant surface. If a large fraction of the
energy is transferred to the propellant, axial temperature gradients will be
established. Such temperature gradients have been measured in the laboratory
scale motors used in this research program. These measurements are discussed
in detail in the experimental section of this paper. Such temperature gradients
have also been observed in larger scale motors used in some of the United
Technology Center work (Ref. 2S). Indeed, some of the UTC heat transfer studies
have attributed the spatial variation in convective heat transfer to the
changing gas temperature (ather than a boundary layer development as was done
in this study(24,2S,26,27 J • The fact that there is a center line temperature
gradient implies that the boundary layer temperature profile must fully de­
velop, i.e., the thermal boundary layer extends to th~ motor port centerline.
Schlieren photographs, taken by Carlson and Seader(8SJ, of the flow from
simulated pyrogen igniters located at the head-end of the motor show the flow
to be highly turbulent, despite the fact that the Reynolds numbers may be
well below classical laminar-to-turbulent transition values. (The high turbu­
lence level may, in large part, be attributed to the shock pattern or Mach
disc which typically appears in the exhaust jet of pyrogen igniters.) Thus, as
with many cases of turbulent flow in ducts, the velocity profile can be treat~d

as one-dimensional.

Some authors have attempted to account for the heat loss from the flowing
gas by calculating an average heat flux to the grain, ~ , and multiplying by
the total surface area. This correction depresses the bulk gas temperature.
However, this correction is not used to calculate the. axial temperature gradient.
A simpler means of correcting for this heat loss has been used in this study.
The losses will be most severe before first ignition and during the early stages
of flame spreading when the surface area available to absorb heat is large.
Thus, if an experimental c*, i.e., temperature, is found for the igniter gas
flowing in the motor port, this depressed value of Tign will represent the
losses. In this study, the lower value of igniter gas temperature is taken as
constant in time and space.

The questions of turbulence and one-dimensionality also enter in another
way. This is the question of thermal e~uilibrium between the igniter and pro­
pellant gases. Some authors,(2S,29,30, 4) have suggested that the simple assump­
tion of instantaneous mixing is a reasonable approximation with as much as a
SOOoC temperature difference between the two gases. Above this temperature dif­
ference, a mixing equation would have to be added to the analysis. In any event,
the temperature difference between the gas flowing over the ignited portion of
the grain and the propellant flame temperature will decrease rapidly as flame
spreading takes place and the flow is increasingly dominated by mass addition
from the burning surface.

The three critical assumptions which have been made in the analysis are
V'P= 0 Vi: 0 and ~\'» U 7. • These assumptions cannot be removed or re laxed. ,
~n any easy way. Many of the other assumptions m~de in this development can
be relaxed in obvious ways. The assumptions of caloric perfection, perfect
gas and choked nozzles could all be removed at the expense of increased com­
puter time.
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iI-D. BURNING RATE BEHAVIOR Throughout th~ development given above the pro­
pellant burning rate has not been specified. At this point any burning rate
expression, steady or nonsteady, could be coupled to the chamber gas dynamic
equations. For example, Ref. 121 gives anonsteady burning model where both
the instantaneous burning rate and flame temperature are functions of the in­
stantaneous pressure and rate of change of pressure. However, it can be shown
that the nonsteady burning rate correction would be negligibly small for the
rates of pressure rise covered in the class of rocket engines considered in
this study, having large port-to-throat area ratios (large free volumes) and
rates of pressure rise generally below about 104psi/second(5,6). This is the
range of pressurization rates which have been explored in the experimental
portion of this work. Thus, throughout this study, it has been assumed that
the propellant burning rate is adequately described by a steady state burning
rate equation. The steady state burning rate versus pressure for many solid
propellants can be adequately. fit. over the range of interest by an expression
of the form rs=kpcn • When a steady state burning rate is assumed, it follows
that the nonsteady effect on the flame temperature must also be negligible.
Therefore, T - "~/C"T\o)~ - I and disappears from the equations. Substituting
rs=kpcn into Eq •. 11-11 and 11-12 results in the following equations:

II-13

II-14

It is obvious, however, from Eq. 11-11 and 11-12 that' any steady state burning
law could be used if T is set equal to one. For example, many propellants have
peculiar burning rate pressure curves which cannot be fitted with a simple
r s = kp n law. Such burning rate behavior could even be given in tabular form
and usea in conjunction with an interpolation scheme.

II-E: SAMPLE THEORETICAL PREDICTION A number of features, which are charac­
teristic of all calculations based on the analytical model, can be explained
by examining a typical theoretical prediction, Fig. 2. (The details of the
computer program are given in Ref. 132.)

In this calculation, the igniter was chosen to fire as a square wave,
Le., it ends instantaneously when the igniter cut-off criterion is reached.
Initially at t = 0, the chamber pressure is 15 psia, and the gas temperature
is 26000 K, the temperature of the igniter gas. The pressure then begins to
rise due to the filling process, and the gas temperature rises due to com­
pression, but as the pressure reaches its preignition equilibrium value, the
temperature returns to its initial value of 26000 K. The chamber properties
remain at these values (steady flow situation) until the grain begins to burn.
The pressure then rises as the mass flow from the propellant becomes signifi­
cant, and the temperature decreases as the cooler combustion gas of the main
propellant mixes with the igniter gas.

When 30% of the grain has been ignited, mass flow from the igniter is cut
off, as planned for this calculation, causing a discontinuous change in mass
flow rate. Consequently, the pressure decreases momentarily; similarly, the
heat transfer to the propellant surface decreases. This causes a sharp drop in
flame spreading rate (almost to zero). As the flame spreading continues, the
pressure, obeying the chamber filling equations, continues to rise. The
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temperature, responding to the compressive effect of the steep part of the
pressure rise, climbs again, but its rise is neutralized to some extent by the
fact that the propellant combustion gas happens to be cooler than the igniter
gas. Depending on the relative magnitudes of these two processes, the tempera­
ture may rise, fall, or remain fairly constant. As more and more of the pro­
pellant burns, the pressure rises to its equilibrium value,' and the temperature
begins to fall toward the equilibrium value for the main propellant.

When the flame spreading is complete, a process of feedback ensues whereby
the pressure increases, thus increasing the burning rate, and thereby sending
more mass into the chamber to increase the pressure further. In this manner,
equilibrium conditions are reached in the chamber.

Several interesting general results can be pointed out. One is that when
flame spreading is complete, the chamber pressure is usually about 50% of the
design equilibrium pressure.(5,6,7) Also, it was noticed empirically that the
maximum value for (dp/dt) occurs at the very beginning of the chamber filling
interval. If the maximum (dp/dt) occurs within the chamber filling interval and
if the temperature is reasonably close to its equilibrium value, then it can
be proved that the maximum value of the pressure rise must occur exactly at the
beginning of the interval.(5) However, it must remain an empirical observation
so far that (dp/dt)max does indeed occur during the chamber filling interval,
and its value depends on the pressure level at the beginning of the interval.

III. REVIEW OF PREVIOUS LITERATURE ON THE IGNITION TRANSIENT The literature
on the ignition transient can be divided into three general groups: first, there
are researches attempting to describe the entire ignition transient, often con­
ducted in conjunction with the development of a particular rocket motor. Second,
there are researches into the fundamental processes involved in the ignition
process, in particular induction times and flame spreading mechanisms. Third,
there are the experimental studies of heat transfer to the propellant grain dur­
ing ignition.

Within these primary categories many further subdivisions are useful in
cataloguing the large amount of work that has been done in this field. There
have been a large number of studies concerned with igniter hardware and charac­
terization of igniter materials. These studies have sometimes been referred
to as "practical" igniter design work. A great deal of this practical informa­
tion has been compiled, for example, in "The Solid Propellant Igniter Design
Handbook,,(59) prepared by The Bermite Powder Company for the Navy. This refer­
ence is recommended to the reader.

A further subdivision can be made on the b~sis of igniter plaeement. Igniters
placed at the head-end of the motor or distributed down the axis of the motor
(as with a piccolo tube igniter) are characterized by having the dominant flow
directed toward the exhaust nozzle. Within this head-end category there have
been analytical studies of the entire ignition transient and correlation studies.
These latter studies have attempted to find empirical and semi-empirical cor­
relations which could be used to size the igniter and to predict the effect of
igniter design alterations on the transient operation without considering the
details of the associated physical processes.

Aft-end igniters are characterized by an igniter jet penetrating the motor
free volume, by passing through the exhaust nozzle toward the head-end, and an
opposing flow out the exhaust nozzle. It is obvious that this constitutes a
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distinct category because the flow or gas dynamic model for such cases must
be significantly different from the head-end type model presented above.

Ignition systems which employ hypergolic materials might be considered as
a third subdivision. Hypergolic ignition obviously does not depend on the more
conventional modes of energy transfer to the grain. The characterization of
hypergolic ignition is considerably different from the Reynolds Number-Nusselt
Number type of correlations for convective heat transfer.

III-A. CORRELATION STUDIES Many of the early attempts to describe the complete
ignition transient for solid propellant rocket motors focused on isolating
relatively simple groupings of a few parameters which could be used to correlate
igniter properties versus motor geometry. ~xamples of this type of work are
References 45, 46, 47 and 48 by Bryan, Lawrence and Edwards of NOL. These refer­
ences represent a research effort extending over some four or five years. Con­
sidering Ref. 48 in particular, 53 rocket motors of World War II and later vin­
tage were considered in an attempt to establish minimum motor ignition energy
requirements. The 53 motors considered used double-base propellants and com­
posite propellants with both ammonium perchlorate and potassium perchlorate.
The grain configurations ranged from internal burning cylinders and cruciforms
to internal-external burning cylinders. A few end-burning grains were also con­
sidered. The igniter materials included black powder, double-base and ammonium
perchlorate propellants and seven different pyrotechnic compositions. This
entire group of motors and igniters was correlated on the basis of~T' the total
igniter energy, (QT = weight of igniter x heat release per gram) versus A~c. .
A is the total area exposed to the igniter output, including the propellant
surface area and exposed liner and metal parts. irc~ is the required ignition
energy for the particular propellant per unit sur ace area. ~~ was defined by
the results of lock-stroke compressor studies for a 3 millisecond ignition delay.
A secondary correlation of(Q"!4eA) vs. L~41fAp!A was also proposed. Aside
from marveling at the naive hope of these authors that nature would be so simple
as to permit such a simple correlation of such a range of systems, we must also
point out that the definition of required ignition energy, ~" is a rather ar­
bitrary one, and that no consideration is given to the rate of delivery of the
igniter stimulus. (Later in this paper, it will be shown that the same total
igniter mass delivered at progressively decreasing rate will lead to a hangfire
and eventually a complete misfire.) At best, it would seem reasonable that
such a correlation would be valid within a single family of motor configuration
and igniter type.

The Bryan-Lawrence Correlation Equation was also used in Reference 63
(BPC, 1962) to correlate data taken in micro-motors.

It was reported that this gave consistently lower values of igniter weight than
was required for successful ignition in the experiments. It was claimed that
this equation would provide for successful ignition for only 50% of the test
firings. Part of the difficulty was also attributed to the definition of l'
as given above. A new correlation was proposed:

Q-r= b~-P~ JG~:
where &'T and A are the same as defined above. b is a function of the igniter
material. ~l is the pressure achieved by firing the igniter in an inert motor.
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Kw is the usual A~/AT and ElOO is the threshold ignition energy (50%
go-no-go) at 100 psig. Now at least a parameter, b , characterizing the
particular igniter material appears. ElOG ' as a measure of the ignition
energy of the propellant in question, is Justified by saying that most igni­
tion takes place near this pressure level. Still lacking is any considera­
tion of the distribution of the igniter energy over the grain or its rate
of delivery.

References 61 (BPC, 1964), 62 (BPC, 1965) use the equation given above
in a simplified form,

QT = cA. fE,C:
where ~ is an empirical constant. The correlation is considered valid for
an igniter whose mass is 10 grams or more. The comments given above apply
here as welL

Reference 62 (BPC, 1965) also gives a correlation for the maximum pres­
sure developed by an igniter whose weight is determined by the equation given
above. In this correlation ~ is plotted against peak gauge pressure per
gram of igniter material per cubic centimeter of free volume of the motor.
The data necessary for this correlation was obtained from micro-motors ig­
nited by boron-potassium nitrate pellets burned in a piccolo tube igniter
chamber. It is reported that the correlation is restricted to small motors
with a free volume-to-nozzle throat area ratio of less than 100. However,
even within this regime the questions of mass flow rate of the igniter
material and possible extension to other igniter materials or igniter con­
figurations are not considered.

Reference 33 (Aerojet-General, 1962) presents a step-by-step igniter
sizing based on several empirical correlations. First, the weight of the
igniter is found from a correlation of igniter charge weight vs. motor free
volume. Second, this initial value is checked against a correlation of total
igniter energy divided by total surface area vs. energy delivery rate. (At
last this crucial parameter is considered!) Third, the length of the motor
versus igniter weight is compared to similar motors. Based on this considera­
tion the igniter weight is increased by 45%.

This last example does contain two elements missing from the references
mentioned above. It considers igniter energy delivery rate and, to some
extent, the distribution of area through the motor length-igniter weight con­
sideration. However, correlations such as these must always be viewed with
great caution and skepticism. They are all attempts to simplify very complex
situations. It is very questionable that they retain the essential elements,
even for rocket geometries, igniter configurations and materials and propel­
lant ignition requirements that would fit within a single "family". That such
correlation can be extended across major design or propellant variations is
even more doubtful. At best they are to be trusted for initial igniter sizing.
This sizing can then be checked in a rational manner with an analysis similar
to that given in Chapter II. In this way questions of the mode and rate of
energy transfer, the impingement of the igniter jet, the distribution of pro­
pellant surface area (particularly hard-to-ignite stagnant regions) and the
ignition requirements (pressure level and flux-time history) can be considered
in detail. These correlations are but the first step in the igniter design,
not the last.
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III-B: ANALYTICAL MODELS OF THE IGNITION TRANSIENT The earliest anal~sis of
the ignition transient was published by von Karman and Malina in 1940( 8).
This analysis makes no effort to describe the flame spreading interval. An
arbitrary chamber pressure at the instant of full ignitedness was assumed. A
second highly unrealistic initial condition, that the chamber temperature is
at room temperature at the time of full ignitedness,was assumed. These
faults, coupled with an over-simplified burning rate law (r=k,-\-\<..Pc. )
and an error in the energy equation, negate any practical results of this
analysis. -

In 1962 Baker(18) of UTC published a set of gas dynamic equations similar
to those developed in Chapter II. These equations were one of the first
published developments to in~ude the dynamia. aompression effect
on the chamber temperature. This development also appears as an appendix to
Ref. 19 and was used in that work together with measured flame spreading
rates. In this way the questions of an ignition criterion, flame spreading
mechanism and spatial distribution of heat transfer were avoided. A steady
state burning rate, ~~~~f~ was used. With these aids, good predictions of
the entire ignition transient were made for a motor with a slotted cylindrical
grain geometry ignited by a head-end·pyrogen. In 1963 Fullman and Neilsen(20),
also of UTC, again used the same gas dynamic equations. In this work the
critical surface' temperature ignition criterion was used in conjunction with 0.&
a fully developed turbulent pipe flow heat transfer correlation, tJu~= O.O2.~~eJ> •

This combination was used to predict first ignition. After first ignition,
observed flame spreading rates were fitted with a linear function of time.
This linear flame spreading rate took account of both the slow spreading rate
into the stagnant head-end of the motor and the accelerating spreading rate
downstream. A steady state burning rate law was also used in this analysis.
Fullman and Neilsen also presented an isothermal analysis which neglects the
energy equation. The same first ~gnition criterion and flame spreading de­
scription as employed for the dynamic temperature case were used. Both of
these analyses were compared to experimental data. The given flame spreading
rates almost guarantee reasonable agreement between theory and experiment.
This is obtained for both the dynamic and isothermal analyses. The un-
fortunate thing is that this limited comparison for a single case is used as
justification for always ignoring the dynamic energy equation. It is claimed
that this assumption introduces only a 5% error. As can be easily seen in
Ref. 10, the degree of error introduced is very much a function of the rate of
pressurization as controlled, in part, by the motor free volume and the dif­
ference between the igniter gas temperature and propellant flame temperature.

Following these early leads, there has been a very active research pro­
gram investigating various aspects of ignition and of the ignition transient
by a group at UTC.(21 through)l) Although the personnel of this group h~s changed
over the years, a reasonably consistent theme, following the pattern established
by Fullman and Neilsen, has been carried through the work. The local ignition
event was characterized- by a constant critical ignition temperature. The solid
phase heat equation was solved with a boundary condition which includes a flux
term due to heterogeneous attack on the surface by active gas species and the
usual convection and radiation fluxes from the gas phase. Isothermal gas
dynamics were used, i.e., Tc is not a function of time or space. Only the mass
continuity equation was written. Various attempts were made to describe the
heat transfer, particularly for those situations where convection dominates.
The classical fully developed turbulent pipe flow heat transfer correlation
based on diameter mentioned above was used to predict the film coefficient for
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igniter alone,h~ft. The effect of·mass addition from the burning propellant .
surface was accounted for by an empirical expression,hc.-= ~~,,(~+M~~M~,,)o.'S
The axial variation in heat flux was attributed to the drop in gas temperature
down the propellant grain. This is inconsistent with the gas dynamic equation
used.

In addition to this basic model, the UTC group has
data on measured flame spreading rates and correlations
versus flux level and pressure. <24,25,26)

published extensive
of ignition delays

An example of the comparison between a theoretical prediction and an
experimental test firing from the UTC work is shown in Fig. 7. This pre­
diction was made for a motor using a cylindrical grain. The igniter was
located in the head-end of the motor and used canted nozzles and an aluminized
igniter material. The isothermal gas dynamic equations were used.

Beginning in 1964, Paul, Lovine and Fong have published a series of
papers dealing with various aspects of ignition and the ignition transient.
The first of this series, Ref. 35 (Aerojet-General, 1964), presented a gas
phase model of the local ignition event. This model requires knowledge of
the reactant concentrations near the surface of the propellant. This is
a difficult problem to solve in a flowing boundary layer situation and is
solved only approximately for the stagnant case. Also in this same paper,
the dynamic mass continuity and energy equations for the motor chamber are
presented. The gas dynamic equations are essentially the same as those de­
veloped in Chapter II but include a heat loss term based on a fully developed
turbulent pipe flow equation, ~UD= O.O.2'i fl..:'. In Reference 36
(Aerojet-General, 1964) by the same authors, the same gas dynamic equations
without the igniter term or the heat loss term are combined with a nonsteady
nozzle flow equation and a nonsteady burning rate reacting to the rate of
pressurization.

. y V\D<.p d %I-tJ
'f'b -:: ('SS l \+ r6~ "P

This is similar to a model previously introduced by v09 Elbe(111,112) and has
since been shown to involve a grave conceptual error.(~2l) These two nonsteady
effects and the dynamic temperature result in predictions of chamber pressure
overshoots where none would have previously been predicted.

A third paper by the same authors, Ref. 37 (Aerojet-General, 1964) con­
sidered the question of flame spreading. A motor configuration with the ig­
niter jet impinging downstream of the propellant leading edge was considered.
The flame spreading was treated in three parts. The area subjected directly
to the igniter jet impingement was taken as being instantaneously ignited
(no induction interval). The heat transfer downstream of the igniter jet im­
pingement zone was taken as being independent of axial distance and was cor­
related with a classical pipe flow heat transfer equation. This correlation,
coupled with the use of a critical temperature ignition criterion, results in
the obvious error of predicting that the entire downstream surface area is
ignited at the same time (instantaneous flame spreading). A very approximate
equation was used to estimate the heat flux as a function of axial distance and
time in the region upstream of the igniter jet impingement zone. This descrip­
tion of the flame spreading interval was coupled with a steady state burning
rate law, r$~k~~" ,and the coupled gas dynamic equations, but with both the
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igniter source term and the heat loss term left out. The comparison between
experiment and theory shown in Fig. 8 is only fair for the single case shown.

Later in 1964 Lovine and Fong published a report (Ref. 39) in which a
flat plate heat transfer expression was used, ~v~:: O.O~9' ~~.. . The axial
variation of the gas temperature was also considered, resulting in an ex­
pression for the heat flux as a function of position. (This analysis will be
considered in detail later.) This concept of a temperature gradient is not
consistent with the gas dynamic equations, even though the mean heat loss
is subtracted. However, if the temperature appearing in the gas dynamic
equations is interpreted as a mean chamber temperature, this may be per­
missible. Using this heat transfer and the gas phase ignition criterion
mentioned above, the time to first ignition was predicted. This was compared
to motor data where first ignition was identified as the first rise of pres­
sure from the pre-ignition level. This definition of first ignition is dif­
ficult to apply because the chamber pressure is relatively insensitive to
the mass addition from the first small area ignited. However, good agreement
between experiment and prediction was claimed. The case of post-ignition
ballistics (~::.I ~ Ml1\l\:O ) was treated with the full dynamic equations
and the nonsteady burning rate and nozzle flow analyses mentioned above.

In Reference. 40 (Aero jet-General, 1965) Lovine and Fong attacked the
heat transfer problem by solving directly the turbulent, incompressible, con­
stant property boundary layer with zero pressure gradient. The Blasius (1/7)th
~ower velocity profile was assumed. It is not obvious that this is an adequate
description of the boundary layer developing from an impinging jet and, in any
event, the strong axial temperature gradients tend to invalidate the incom­
pressible assumption. That is, the boundary layer may be incompressible
(energy equation uncoupled) at each location, but the strong axial temperature
gradient will recouple the energy equation. The analysis could not be ex­
tended directly to the flame spreading interval because of the mass addition
from the surface. This boundary layer heat transfer equation was considered
in conjunction with the bulk gas dynamic equation and the gas phase ignition
model mentioned above to predict first ignition. The flame spreading rate was
assumed to be a given function of time for the post-first-ignition ballistics.

References 39 and 40 also include a ballistic analysis of the igniter
using gas dynamic equations similar to those given above. In Ref. 40 closed
form solutions are obtained for the particular cases of n, the igniter
material burning rate exponent, equal to 0, 1/2 and 1.

In 1968 Micheli and Linfor(43) presented the latest in the ignition and
ignition transient research carried out at Aerojet-General. For the gas dy­
namics model this work treated the coupled mass continuity and energy equations
with the momentum equation uncoupled, as was presented in the analysis given
in Chapter II. The bulk heat loss from the igniter gas was subtracted out.
This loss was reported to be on the" order of 40% of the total energy of the
igniter gases. Despite the fact that this loss must establish axial tempera­
ture gradients and must vary with time as ignition and flame spreading proceed,
spatial uniformity and a constant loss fraction was retained. Local ignition
as a function of propellant aging, core release left on the propellant surface,
smoothness of the grain and hygroscopicity of the propellant was discussed in
some detail. The model of ignition which was settled on was a critical sur-
face ignition temperature but it was modified in the following way. The integral
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for the surface temperature as a function of the time varying flux was
written as

where m was determined experimentally from arc image ignition data. For the
case of an inert solid, as presented above, m=2. Of course, it must be
recognized that a wide range of values of mls between 0 and 2 can be obtained
from the arc image as a function of the flux range and the rate of change of
flux.

The experimental test firings conducted in this study employed a grain
geometry with a finned head-end section, a cylindrical port and a stagnant
region of the grain around a sunken nozzle. The igniter was a head-end
pyrogen whose jet impinged just upstream of the point at which the finned
foreclosure joined the cylindrical port. The three distinct areas, stagnant
head-end, cylindrical bore and stagnant aft-end, were characterized by three
different heat transfer correlations. They are, respectively:

0.02.9

A radiation contribution was also considered. This was said to be particularly
important in the stagnant regions. These heat transfer correlations will be
discussed in detail later.

The burning rate used in this study was the nonsteady equation advanced
by earlier Aerojet workers and mentioned above(36) Excellent agreement
between experiment and theory for one test firing was shown. The theoretically
predicted effects of initial grain temperature and radiation absorptivity were
also shown. These results are displayed in Figures 9 and 10.

In 1964, deSoto and Friedman(22,23) published a treatment of the entire
ignition transient. This study was originally guided by the senior author of
this paper and consequently developed along lines similar to those developed
in Chapter II. The significant aspect of the study was that it was the first
work to describe the entire ignition transient, including the flame spreading
interval. This was done by adopting the flame spreading hypothesis of
Summerfie1d(4) and a constant propellant surface ignition temperature criterion.
(see detail explanation in Chapter II.) The analysis was carried out only for
the case of an isothermal chamber temperature. No comparison with experimental
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.results was given.

A theoretical analysis of the ignition transient was published by Bradley
in 1964. This work presented a correct treatment of the energy equation, i.e.,
the response of the chamber temperature to the dynamic compression. The princi­
pal failure of this research was, in the author's words, the "naively assumed"
flame spreading model relating the rate of spreading to the burning rate by a
linear relationship.

An experimental and theoretical an~lysis of the ignition transient was
carried out in 1964 by Sharn et. al.(55). This study used the von Elbe igni­
tion criterion. Cl11 ) This model requires that not only a critical surface
temperature be attained, but also that a critical thermal profile be established
in the solid. The critical profile is the one associated with steady state
burning at the environmental pressure. Thus, this ignition criterion is pres­
sure dependent~ This characterization of local ignition was combined with a
modified pipe flow heat transfer correlation,\\c.o"."70(t-;')D.S(\+ 'D/L..) 0.7 plus a radia­
tion term to predict the average ignition time of the grain. That is, the entire
grain was assumed to ignite instantaneously at some average ignition time. A
steady state burning rate law was used. The chamber gas dynamics were treated
by considering only the mass continuity equation, i.e., the isothermal analysis.
A large part of this particular study was devoted to characterizing the output
of a pyrotechnic igniter by: 1. A ballistic analysis of the igniter which is
shown to be inaccurate (Ref. 42, NOL, 1962), 2. An empirical correlation for
the peak igniter chamber pressure; and 3. A simple integration of the measured
pressure-time curve to obtain the average igniter mass output. The entire
analysis was compared to experimental data taken in a motor with a cylindri-
cal grain and ignited by a Hi-Low pyrotechnic igniter located at the head-end.
Only one comparison of experiment and theory is given in the reference. This
comparison is given in Fig. 11. This single example shows excellent agreement
over the early portion of the run but prediction and experiment diverge over
the later portion of the transient.

In 1966 Adams(96,96,97) published a study involving experimental test
firings and the by now familiar isothermal treatment considered by the many
authors mentioned above. The effective flame spreading rates were considered
as input to the computer program. No attempt was made to predict the flame
spreading interval. An attempt was made to include erosive burning effects by
taking a single (average) value of the Mach number along with the axis of the
port, but this violates the mass continuity equation. Despite this fact, the
agreement between theory and experiment shown in Fig. 12 was taken as proof that
"ignition spikes were caused primarily by erosive burning effects". The effect
of erosive burning on the ignition transient in small port-to-throat area ratio
motors was not considered in the model developed in Chapter II where the velocity
in the port was assumed to be small. This mechanism may well be significant in
certain situations. However, the omission from Adams' model of the dynamic
chamber temperature and the axial pressure gradients which must exist in such
motors weakens the basis of his conclusions.

In 1968 Peleg and Manheimer-Timnat(70) published a study of the ignition
transient which arrived at a set of differential equations similar to those
developed above in Chapter II. The only essential difference between. the two
models is the addition of the surface heat release term included in the analysis
given in Chapter II. These two models would predict the same trends and effects
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for vigorous ignition situations,provided the same heat transfer correlation
was used. There are serious questions which can be raised about the quality
and interpretation of the heat transfer data reported in this reference.
Rather slow response thermocouples (10 msec rise time) were used in the heat
transfer study. This may have affected the quality of some of the data.

Based on these data, the authors asserted that there was instantaneous
flame spreading along the outer diameter of the star-shaped grain used in
this study and that the flame spreading along the sides of the star points
was slower, controlled by a heat transfer correlation similar to that re­
ported in Refs. 77 and 81, St=0.046Rex - 0 • 2 • Ignition upstream of the igni­
ter jet impingement point was attributed to only radiative heat transfer.
It is not obvious that heat conduction and convective contribution due to
large scale recirculation eddies in the "stagnant" region can be ignored.
(An approximate analysis of this sort for the stagnant region by Paul, et.al.
was mentioned above, Ref. 37.) The agreement between experiment and theory
appears to be good but this may be misleading because of the compressed time
scale used in presenting the comparisons. Comparisons of experiment and
theory for a series of test firings is given in Fig. 13.

In 1968 Falkner and Kilgroe(67) of CETEC presented an analysis of the
ignition transient. The gas dynamic model presented above in Chapter II was
used. Indeed, an early version of the Princeton Ignition Transient Computer
Prediction Program was used. (The most recent version of this program is pre­
sented in Ref. 134.) The critical surface temperature ignition criterion for
an inert solid phase was used. A steady state burning rate equation was used.
The heat transfer correlations of the form developed earlier by Kilgroe(3l)
were used.

for the stagnant region upstream of the igniter jet impingement point and

Nu\) = kz.l' + k3 9ff(- k..t~D)] ~~
for the region downstream of the impingement point. The predicted flame
spreading and ignition transient using Kilgroe's(3l) values for the k's and
n = 0.8 was compared to data given in Ref. 29. As can be seen in Fig. 14,
prediction of first ignition compared well with the measured time but the pre­
dicted flame spreading rates after first ignition exceeded the measured values.
Good agreement between predicted and measured flame spreading rates was achieved
by changing n to 0.5 and adjusting k2 to keep the flux level at the impingement
point constant. This is shown in Fig. 15. Using these adjusted values, pre­
dictions of the transient for a large motor with a deeply slotted cylindrical
grain were made. The agreement between experiment and theory shown in Fig. 15
for this motor ranged from good to fair. However, the time to full pressure
was always predicted within 10%. The difficulties were attributed to the in­
adequacy of the heat transfer correlations for complex geometries.

This review is not complete. There are other authors who have made
notable contributions to various aspects of the ignition transient problem.
The references mentioned above And many others are summarized in Table I. How­
ever, the papers mentioned above give a sampling of the approaches used and
the progress made in the past few years. These efforts can now be summarized.
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It is believed that for the class of motors considered, the most correct gas
dyn~mic equations which have been solved to date are tho~e ~gi§ij_aiva3b5an65
t?rW~l'oeh,nd tested by a number of authors(5-15,18-20, 5" ""

, " and which are in all cases similar in principle to those presen-
ted in this paper in Chapter II. As was pointed out in that chapter, a number
of limiting assumptions used in this development can be relaxed to adapt the
model to other situations. The characterization of the local ignition event
by a critical ignition temperature has been almost uniformly accepted, but
discretion must be used in limiting situations of, for example, sub-atmospheric
induction pressures. The addition of the self-heating term is a new aspect
of the problem, but is quite reasonable in marginal ignition situations. The
use of a steady-state burning-rate law with no erosive ,correction term is
generally accepted, particularly for comparatively slow transients. As was
pointed out above, the model does not exclude the use of a more sophisticated
burning rate law. The most limiting assumption of the gas dynamic model is
that of a spatially uniform temperature. The other two important gas dynamic
assumptions, V''P~:;.o ,MI\~ n">":>u2. ,are indeed limiting, but are not believed
to be as critical as the V~= 0 assumption. Within this framework the major
difficulty remains the question of the heat flux to the propellant grain.

III-C: CONVECTIVE HEAT TRANSFER There is slowly evolving extensive literature
on the heat transfer to propellant grains prior to first ignition and during
the subsequent flame spreading interval. As has been seen, such information
is essential to the prediction of the overall pressure transient, but presents
a most arduous task due to the variety of igniters, igniter configurations
and motor geometries. The discussion in Chapter II pointed, out that the flow
in any rocket motor is far from the ideal flow which an aerodynamicist would
like to deal with. The entering flow is not uniform because of the igniter
jet breakup and/or shock pattern. This results in a poorly defined leading
edge and an unknown turbulence level and intensity. The propellant surface
over which the flow passes is rough. There is mass addition from the surface
and chemical reaction within the boundary layer. Axial temperature gradients,
and hence property gradients are known to exist. The flow is nonsteady, par­
ticularly during the rapid flame spreading interval.

As a useful guide, the heat transfer in a rocket motor can be divided
into a number of coupled but distinct' classes. The first obvious division is
to consider the heat transfer before and after the first flame has appeared
on the grain. The flow, and subsequent heat transfer in stagnant volumes, can be
t.ken as ~n additional division. These stagnant regions can 'be the volumes
forward of the igniter impingement, slots perpendicular to the direction of
the main flow or volumes whose openings face the flow at some angle.
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The convective heat transfer in the straight port region prior to first igni­
tion has received, by an enormous degree, the greatest attention. There are
two reasons for this. First, it is the simplest situation and second, it
holds the promise of being tractable with classical heat transfer correlations,
despite the difficulties mentioned above.

Fully developed turbulent flow in pipes has been investigated for many
years by many researchers. All heat transfer text books give examples of
these empirical formulas. They are generally of the form given by Dittus and
Boelter:

'0 0.6 -n 0.4­
t\JO = o.o~43 "4!- t"'V''t>'& -p

Various authors give different values for the leading coefficient but an ex­
ponent on the Reynolds number very near 0.8 is typical for all turbulent flows.
In the entrance region of a pipe the momentum and thermal boundary layers are
not fully developed and thus, a dependence on the axial distance from the
leading edge must be introduced. This has been done in a variety of ways. A
function of x can be inserted in the fully developed correlation.

Alternately, one may retreat to the flat plate form. This is quite reasonable
when the boundary layer is thin compared to the diameter of the tube.

l. \ L 1? 0.8.,., 0.4-
l'JUJl =- D ,.;.e~ r'('"

The typical head-end pyrogen rocket igniter introduces many variables
which, obviously, do not appear in these simple correlations. The shock
structure in the igniter jet induces a vorticity and an accompanying turbu­
lence level which may not be truly characterized by a Reynolds number. That
is, a Reynolds number is not a true similarity parameter downstream of a
curved or other complicated shock structure. The work of Carlson and Seader(85,86)
clearly demonstrates that the heat transfer level is a function duct-to-igniter
throat diameter ratio. Other parameters which could reasonably be introduced
are igniter nozzle half-angle and exit diameter, igniter exit Mach number and
igniter jet-to-duct pressure ratio. All of these petrameters effect the igniter
jet expansion and shock pattern.

With these reservations in mind, we can now examine in some detail several
of the many heat transfer studies. Carlson, Seader & Wrubel (85,1965, 86,1967;
87,1967; 88,1967-Rocketdyne) have carried out an extensive study of the heat
transfer from pyrogen igniters to grains of various configurations. This study
used a simulated igniter of hot nitrogen flowing through thin walled stainless
steel test sections at a pressure level of about 600 psia. The test section
gas temperatures ranged from 6l50 K to 800oK. These pressures are high and the
temperatures low compared to typical pyrogen igniters. The igniter nozzle
types considered were axially directed supersonic and sonic and three-ported
canted nozzles. The test sections simulated cylindrical, star and conocyl
shape grains. The general observations concerning the flow patterns can be
summarized: The initial pressurization of the port was accomplished by a near-
ly normal traveling shock wave. (This was accentuated by the high port-to-ambient
pressure ratios achieved.) The igniter jet disintegrated after passing through
a single shock wave at the plane of maximum jet diameter. Jets from sonic ig­
niters disintegrated in a shorter distance than those from supersonic igniters.
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lurbu1ence scale was large and varied as a function of flow rate and nozzle
type. The heat transfer was generally steady with no transient behavior (see
Reference 88). (Some nonsteady heat transfer behavior has been observed dur­
ing the start-up of the pyrogen igniter used in the studies conducted by the
authors of this paper. see Ref. 134.) From heat .transferconsiderations . these
authors concluded that axially directed sonic igniter nozzles are preferable
to either axial supersonic nozzles or canted three-port nozzles. In the first
case, the stagnant region upstream of the jet breakup was too large. In the
latter case, the maximum heat transfer was increased but the distribution of
flux was less favorable.

The heat transfer data from this study were correlated by a local Nusse1t
number based on diameter normalized by the Dittus-Boelter Nusse1t number
given above. The dependence of the heat flux on length, igniter nozz1e-to­
port diameter ratio and port-to-throat area ratio was given graphically.
Figures 3 and 4 are examples of these data for cylindrical grains. It was
also found that conocy1-shaped grains could be treated as cylindrical grains.
The decrease in heat transfer due to increasing port diameter in the conical
section was accounted for by the ~/I)p relations developed for straight cylin­
ders. No general correlation of star-shaped grains was achieved.

A series of investigators at UTG have carried out heat transfer studies
from pyrogen igniters. If the most recent report by Ki1gro (Reference 31, 1967)
can be taken as summarizing, in a sense, all of the UTG work, we are presented
with several empirical equations for the maximum heat transfer near the igni­
ter jet impingement point and for the regions both up and downs.tream of this
point. This work was carried out in a cylindrical copper duct for axial
directed and canted igniter nozzles. The duct apparently was not fitted with
an exhaust nozzle. The igniters burned both an una1uminized and an aluminized
propellant. For the .axia1 igniters the correlations are:

with

q,= f1-+ \.23 "",-0.4
14"i1> {

l~. Z~- 0.7 'Vt> J
Downs tream}

Upstream .

Nonaluminized
igniter

f\+ 2.0 e,.- O,S;)(./D

l 3 - l.2.5 x/D

Downstream)

Upstream

Aluminized

igniter

where ~ is measured from the impingement point. The qualifications given for
these equations are that they are valid only for jet-to-duct pressure ratios
from 20 to 45 and duct-to-igniter nozzle diameter ratios from 10 to 15. The
peak values for (~/D ) ratios of less than 2 and Reynolds numbers less than
3.6x104 are given by

Nona1uminized

Aluminized
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In 1965 Lovine and Fong(39) presented an interesting correlation. The
classical flat plate correlation was assumed to be valid.

1 \ ." 0.8
NO~ =- O. 02.9C::t ~e)(

The variation of the bulk gas temperature down the port was calculated from
the energy equation.

t"_' dT, +~. =0
"11 m~f\ d ~ 1-

where l' is the perimeter of the port. The approximation was made that the
driving potential across the boundary layer is (T .. Ts)~T for large gas
temperatures. This was combined with the film co~fficient ¥rom the flat •
plate correlation given above and substituted into the energy equation for.
The differential energy equation was then solved for Tg(x). This was multi­
plied by the film coefficient to obtain the heat flux as a function of position.

where A H is the igniter propellant heat of explosion. This should then
account f~r both the developing boundary layer and the axial temperature
gradient. This certainly is a reasonable analysis and the only one which
attempts to account for both factors. There is, however, an inconsistency in
the analysis. The use of a flat plate heat transfer correlation implies that
the boundary layer is not fully developed. That is, the boundary layer thick­
ness is less than half of the pipe diameter. Obviously, if the thermal pro­
file does not extend to the center line, the temperature along the center line
of the port cannot vary. In this case, the driving temperature across the
boundary layer remains constant within the limits of the assumption of
(Tg-Ts)~Tg' A further limitation of this analysis is that in order to account
for heat transfer after first ignition, the problem would have to be resolved
for T as a function of space and time, and should, in fact, be coupled to the
chambgr gas dynamic equations. This analysis was compared to steady state data
obtained in an instrumented inert cylinder and good agreement was achieved
except near the impingement point where large scatter was encount{8Sd86 ~geH8)

this analyst~l~as compared to the correlations of Carlson et.al., ' , ,
and Kilgroe and t~lBh345orrelation developed in studies conducted by the
authors of this paper ' the flux values were found to be a factor of be-
tween 4 and 5 smaller. This is attributed to the fact that the heat flux near
the impingement point is greatly underestimated by the classical flat plate
correlation.

The heat transfer correlations used by Micheli & Linfor (43) were given
above. The equation for the cylindrical section of the grain can be transformed
for the stead:y flow case in the following way: x is mea.sured from the impinge­
ment point, mign is the flow rate toward the exhaust nozzle at x=o, and the
aft-end stagnant region is eliminated by taking Lo=L. This allows the equation
for hconv to be recast in the form of a steady state correlation.

o 0.6
~u '/.. == O.O~~ ,",elC

For the dynamic case, the mass flow rate in the Reynolds number was corrected
for the mass storage due to the pressurization in a manner identical to that
described in Chapter II. Unfortunately, the authors of this paper are not
explicit about what driving potential across the boundary layer was used with

-28-



this correlation. It is not known whether the variable gas temperature analy­
sis of their co-workers at Aerojet-General, Lovine & Fong(39) , was adopted or
whether a constant mean temperature difference was used.

. (77,78,81) fA' 1 dIn 1966 Allan, Bastress and Sm1th o. D. L1tt e presente a
heat transfer correlation for data obtained in simulated cylindrical motors.
The igniters b~rned B-KN03 pellets and two propellants designated ADL-2 and
ADL-S. The analysis cons1dered a multiple film boundary layer in an attempt
to account for chemical reactions which may be occurring at some position
within the boundary layer. Thus, for the two film case, the driving poten­
tial becomes

where ~ Y is the species change due to the reaction and AH is the enthalpy
difference. Therefore, the bracket term represents the total enthalpy dif­
ference across the boundary layer. With this concept of driving potential,
and with the assumption it is independent of x, the heat transfer correla­
tion arrived at was of the form

~ -0 -o.~
JT = 0,08 .....e.,c.

or, solving for film coefficient,

"for Prandtl number equal to one. This is expected to apply well downstream of
the igniter so that the infinite values at x=o are avoided. A similar cor­
relation was reported by Peleg and Manheimer-Timnat(70) with a small change
in the coefficient. The correlation was given above in Chapter III-B.

The question now becomes how to compare these various correlations.
Figure 6 shows the film coefficients, hconv ' given by each of these correla­
tions (except the Lovine and Fong correlation). A constant value of vis­
cosity and gas thermal conductivity was assumed. The mass flow rate per port
area and distances from the impingement or maximum flux point were scaled to
the laboratory size motor used in this particular study. (See Figure 6 for
details.) This may not be a completely fair means of comparing the various
correlations because of the wide range of variables inv§svgg'

8
For example,

the values calculated from the work of Carlson et. al. C , ,7Jare for single
values of Ap/At and Dp/Dign' The shock structure in the igniter jet in the
case of this study was radically different since a shock-separation pattern
was forced to occur in the igniter nozzle. However, if these differences are
kept in mind and also the limits of the assumptions and interpretations of
other work, it would appear the correlation developed in this study and that
by Allan, Bastress and Smith(77,78,8l) form an upper bound on the film co­
efficient and the correlation used by Micheli and Linfor(43) forms a lower
bound. The correlations by Carlson, Wrubel and Seader(8S,86,87,88)and
Kilgroe(3l) fall in the middle and show good agreement. The greatest lack of
agreement is in the region of the impingement point, between'l/o=o and ')(/0 = Z
Here Kilgroe adjusted to a value which is higher than that of Carlson et.al.,
but still below that measured in this study. Most studies have reported the
greatest scatter in the heat transfer data near the impingement point, and so
the largest degree of disagreement between the various studies is to be ex­
pected there. Three of the studies gave the x dependence of 1 as x- O. 2 but



Kilgroe and Carlson, et. al. gave slightly higher order dependences. However,
this can not be translated directly to the dependence of 1 on x. This de-
pends not only on hconJx) but also on what was assumed about the driving poten­
tial as a function of x. This study and that of Allan et. al. assumed a con­
stant driving force. Micheli and Linford do not specify what was assumed. The
other two studies considered apparently measured the centerline gas temperature
at the location of the flux gauge and thus, Tg(x) would have to be known in order
to obtain ~(x). Because T (x) decrea~es witfi inc:easin~ x, these two correla­
tions would show the heat f!ux decreas~ng more rap~dly w~th x than hconv(x)
would imply.

The convective heat flux is an even more difficult problem after first
ignition than during the induction interval. The flow field is now highly
nonsteady since the mass flow rate and chamber pressure are varying rapidly
with time in response to the increasing mass flux from the propellant. Thus,
the boundary layer is continually being perturbed away from the steady state.
The increasing mass flux not only gives rise to a nonsteadiness but the ratio
of the mass flux from the surface to the mass flux from the igniter may also
play an important role in determining whether or not the boundary layer separates
from the surface. It is unfortunate that very little heat transfer work has
been conducted under dynamic conditions with mass addition from, and flame
spreading over, live propellant grains. To be sure, many of the correlations
have been tested by using them to predict flame spreading rates. However, this
is a significantly less sensitive test.

In the heat transfer studies conducted by the authors of this paper and
previous co-workers, both steady state and dynamic conditions have been in­
vestigated. The dynamic case was studied by measuring the heat transfer due
only to mass addition from the propellant grain with no external igniter(5,6,7).
The steady state case was examined by measuring heat transfer due only to an
external pyrogen igniter(12-1S,134). It was found that the convective heat
transfer in both cases could be correlated by a single equation. (See Fig. 1)
The particular way in which the igniter jet shock structure and associated
separation flow pattern was confined in these experiments does raise questions
about the general applicability of this correlation near the leading edge or
jet impingement point. However, the essential features should be valid a
diameter or so downstream of the leading edge. The important point is that in
both the steady and dynamic cases the correlation is of a steady state form.
No nonsteady effects can be discerned within the scatter of the data. The
correlation also indicates that the convective heat transfer scales according
to the local instantaneous mass flux to the 0.8 power, typical of turbulent
flow. (The experimental equipment used in these heat transfer studies is de­
scribed in Chapter IV.)

(29) . .
Jensen and Cose of UTC also measured convect~ve heat transfer dur~ng

the flame spreading interval. The most important conclusion of this work is
that the data appear to be steady state in nature. This agrees with the re­
sults obtained by the authors of this paper and implies a quasi-steady boundary
layer. Most of the data reported in this reference indicate that the heat flux
scales as the mass flux to a power ranging between 0.85 and 0.75. (See Fig. 5)
Some of the data indicate scaling as the mass flux to 0~55 power. The authors
claimed that, since the flow is assumed to be laminar, the scaling power should
be 0.5. The apparent higher powers were attributed to the changing gas tempera­
ture downstream of the flame front. The gas temperature should approach a
limiting value equal to the adiabatic flame temperature as the flame front ad­
vances. After the limit has been reached, the heat flux should increase with
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the mass flow rate to the 0.5 power. Unfortunately, none of the gas dynamic
models are sufficiently developed to allow these two effects, nonsteady mass
addition and changing temperature gradient, to be separated.

Falkner and Ki1groe(67) also found that their predicted flame spreading
rates agreed more closely with measured values if the heat transfer was scaled
accordi~~350 the mass flux to the 0.5 power (Figures 14 and 15). Micheli and
Linfor show good agreement between predicted and experimental ignition
transients with a scaling law to the 0.8 power (Figures 9 and 10). The degree
of agreement would indicate reasonably accurate prediction of flame spreading
rates. However, both of these last two references are indirect measurements
of the accuracy of heat transfer correlations used.

Heat transfer in stagnant regions has received very little attention.
The rationale for this has always been that the stagnant regions contain only
a small percentage of the total area available for burning and thus should
have little effect on the overall ignition transient. However, flame spread­
ing rates into such areas are sufficiently slower than those in the direction
of the flow, so that even small hidden areas can have a significant effect.

Figure 6 also shows the film coefficients from Refs. 31 and 86 for the
region upstream of the impinging igniter jet. These values were calculated
under the same assumptions as outlined above. Ki1groe's(31) data shows a
sharper peak at the impingement point. Carlson et.a1.(86) show a flatter peak
and more gentle decrease both upstream and downstream of the maximum. No
general conclusion can be drawn.

The convective heat transfer correlation for stagnant regions suggested
by Micheli and Linfor (43) (see above) indicates no convection unless the
chamber pressure is changing. At steady igniter flow and before first igni­
tion there would be no convective heat transfer in the stagnant regions. Al­
though this does not agree with some measured data, it does emphasize that
radiation and conduction may be the more dominate modes of heat transfer in
stagnant volumes. Pe1eg and Manheimer-Timnat(70) , for example, attribute flame
spreading forward of the impingement point to radiation alone.

It is very difficult to summarize these heat transfer studies. This dif­
ficulty reflects the great number of variables involved and the variety of
assumptions and experimental configurations which have been used. It is obvious
that more heat transfer studies in stagnant volumes and in dynamic situations
during flame spreading should be conducted. However, the critical question is:
Can a better heat transfer correlation be found or even used within the scope
of the present gas dynamic mode17 It is believed that much of the problem is
tied to the axial temperature gradient which is a function of time, and also
possibly to the nonsteady nature of the boundary layer. In regard to the tem­
perature gradient problem, the approach of Lovine and Fong(39) of considering
the gas temperature as a function of position is a good one. However, it must
be carried a step further. ~(~I~) must be correctly coupled to the gas dy­
namic equations and the nonsteady boundary layer terms properly formulated.
The obvious conclusion of this reasoning is that a more accurate gas dynamic
model may be required before substantial progress can be made in the under­
standing of the heat transfer. This is not to deny the usefulness of the
present correlations. The degree of agreement which has been achieved by a
number of researchers between theoretically predicted ignition transients and
experimental test firings quickly shows the value of this work to the design
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engineer. However, the present level of sophistication prohibits the finding
of a universal correlation for each geometry. Thus, the design engineer must
understand in some detail the conditions under which the correlation was ob­
tained and exercise caution when extrapolating to significantly different con­
ditions.

III-D. HYPERGOLIC IGNITION The ignition of a solid propellant rocket motor
by direct spraying of the propellant surface with a hypergo1ic material was
originally thought to be an attractive concept from several viewpoints. It
was originally believed that pressure overshoots above the design operating
pressure, frequently associated with pyrogen or pyrotechnic igniters, could
be easily avoided(17). A hypergo1ic ignition system also offers easy on-and-off
capabilities for restart operations. The materials which are attractive for
such applications are those like the interha10gens, chlorine trifluoride,
bromine trifluoride and bromine pentafluoride, which are hypergolic with pro­
pellant materials at room temperature. With no other source of external heat­
ing, the means of raising the propellant surface temperature must be direct
chemical attack on the surface, at least initially. After the propellant
begins to decompose actively, the reaction site may move off the surface into
the gas phase. In a sense, though, hypergo1ic ignition can be viewed as a
special case of energy transfer to the propellant. Hypergo1ic ignition could
be incorporated into the analytical models for the overall ignition transient
discussed in Chapters II and III-B. What is needed is a description of the
energy release at the surface, and the distribution along the surface. The
earliest researches on hypergo1ic ignition of solid propellants were primarily
qualitative. This work, by several authors, concerned such aspects of the
problem as the relative reactivity of various hypergolic materials with var~­

ous prope11ants(106,107), the effects of altitude on hypergo1ic ignition(lO ),
and the optimum ~e~centage of the surface initially sprayed with the hyper­
golic material. ( 0 ,20)

An analytical model for hypergolic ignition was advanced in 1963 by a
group of workers at UTC(21). This model has progressed through a series of
references (22,23,25,28) to a form which has been incorporated in an analysis
of the complete ignition transient. The model was originally developed for
a stagnant ignition situation but was extended to a flow environment on the
basis that mass transfer in the gas phase during the preignition interval is
negligible. The heat release due to the hypergo1ic reaction was written as

1-Hypergolic == A",",C
n' JZ.41'f E'/~)

where M~ is the heat of reaction, C. is the concentration of the hypergol
at the surface and ~, is the reaction order. This heat generation was assigned
completely to the surface and was put into the boundary condition on the solid
phase heat-up equation just as the self-heating term was handled in the de­
velopment given in Chapter II. The concentration at the surface is given by

where ~ is the
tion in the main
the surface, the
axis.

kW\(CW\- C-) = ~'Jl1f (- o/({1$}
mass transfer coefficient and C;~ is the hypergol concentra­
stream. Due to the consumption of the reactive material at
concentration in the main stream decreases along the motor

-32-



The boundary conditions for this equation are

~

At )(= \ i"~cH: CW\= C~

At )( ~ -t uh/\

where if" is the flame spreading rate and ~ is the hypergo1 concentration
leaving the ignited region. This description of the hypergo1ic attack on
the surface was combined with a critical surface temperature ignition
criterion. There are obviously no great difficulties in coupling this hy­
pergo1ic ignition model with any of the analyses of the complete ignition
transient given above. The boundary condition on the solid phase heat-up
is, of course, nonlinear, but this can be handled by various iterative
techniques. As with any simple model of ignition,-the great complexities
of the actual ignition are buried in some innocent appearing term. In this
case it is the simple Arrhenius-type description of the heat release and
the critical surface temperature ignition criterion.

The concentration of the hypergo1ic material at the propellant surface
down the length of a rocket motor is not easily measured. This prevents a
direct confirmation of the concentration as a function of X. At best, it
would seem that this simple description would yield C(",) or C",,(J{) only
prior to first ignition. The mass addition from the surface, the dilution
of the gases in the port by propellant combustion products and possible
secondary reactions in the gas phase would require a more complete treatment
of the developing boundary layer in order to obtain C(~). It is also not
obvious that the model is capable of explaining certain experimental data.
Ciep1uch et.a1.(106) and Fullman and Nie1sen(20) report that ignition of the
motor is actually retarded when the per cent of the total surface area wetted
by the injected spray of hypergo1ic material is increased much above 30%.
Since the igniter flow rate per unit wetted area was held constant, this be­
havior can not be explained on the basis of the concentration of hypergo1ic
material at the surface having been changed. It would seem that there is a
mechanism for retarding ignition which is not accounted for in this hyper­
golic ignition model.

III-E. AFT-END IGNITION The term aft-end ignition refers to those con­
figurations where the igniter is mounted external to the main rocket motor
with the igniter exhaust jet penetrating through the motor exhaust nozzle
into the motor port, and an opposing return flow out the exhaust nozzle.

CD ..
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The igniter jet decays as it penetrates the motor cavity. In cases of
incomplete penetration, the jet expands until it blocks the motor port and
reverses flow direction. This creates a stagnant region of compressed cold
gas ahead of the igniter jet near the head end of the motor. In most re­
ported cases this region occupies approximately 30% of the motor length.
The stagnation region remains stable until first ignition occurs. As igni­
tion proceeds, and in response the chamber pressure increases, the stagnation
zone is further compressed toward the head-end of the motor. Within this
zone, the dominant modes of energy transfer to the propellant are radiation
from the hot zone downstream and conduction from the surrounding gas. Con­
vection heat transfer dominates downstream of the stagnation zone. The pro­
pellant is observed to ignite first at the point of maximum heat transfer
near the aft-end of the motor. Flame spreading takes place both upstream and
downstream from this point. The flame propagates faster in the downstream
direction than in the upstream direction because of the higher heat transfer
in that direction. Complete ignition is observed to occur at about the time
the design pressure is reached in the motor(66). It is obvious that this
flow pattern must be described by a flow model completely different from the
one-dimensional flow models which have been applied to the situations where
the igniter is mounted at the head-end of the motor.

Externally mounted aft-end igniter configurations have several inherent
advantages over internally mounted ones. The weight of the igniter need not
be carried along on the mission. This allows the use of redundant and con­
servative igniter designs with no weight penalty. The external mounting per­
mits easier igniter installation and checkout. There are no pressure sealing
problems such as there are around an igniter mounted in the forward chamber
boss.

Three major problems are encountered with aft-mounted ignition systems:
Long ignition delays, between the onset of the igniter action and the attain­
ment of design operating conditions, can occur because of low penetration of
the igniter jet into the motor port. This results in an unfavorable heat
transfer distribution, and consequently, low flame spreading rates. Severe
motor overpressurizations can occur due to aerodynamic blockage of the motor
exhaust nozzle by the igniter jet. Significant pressure oscillations can
occur in the motor exhaust nozzle. This is attributed to nonsteady interactions
between the igniter jet and the counter-flow from the motor(66).

The complexity of the flow pattern in aft-end ignition situations has pr~­

vented the development of analytical prediction methods for the entire igni­
tion transient in such cases. No comparisons between theoretical predictions
and experimental test firings, similar to those available for head-end igni­
tion situations, have been published. For this reason the aft-end ignition
work is reviewed only briefly here.

The incomplete penetration of the igniter jet into the motor port and the
formation of a stagnation zone near the head-end of the rocket motor was ob­
served in the early experimental work with aft-end igniters(19,20,33). It was
also found that optimally expanded supersonic igniter jets resulted in the
most complete penetration of the motor cavity(19,20,3l,33), and that fUll(57)
penetration could be achieved if the jet did not expand to fill the port.

In 1964 Plumley published a model for the penetration of the igniter jet
into the motor port prior to first ignition (38, 1964, Aerojet). This model
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[s based on mass and momentum balances between the incoming igniter jet and
the re'turn flow out of the motor. The model assumes that there is np tur­
bulent mixing or viscous dissipation between the two flows. This model per­
mits the calculation of the stagnation point (penetration distance) and the
pressure developed in the head-end of the motor. In the experimental work
of Niessen (57, 1965, AFRPL) the stagnation zone was observed directly with
flow visualization techniques. It was found the observed jet penetration
distances agreed tlO% with the predictions of the Plumley model. However,
Carlson & Seader (85, 1965, Rocketdyne) reported that the Plumley model
agreed only moderately well with their experimental findings. They attri­
bute the lack of agreement to the model's failure to include turbulent mix­
ing and viscous dissipation between the two jets and heat losses from the
gases via convective heat transfer.

A number of studies have been conducted on the heat transfer, and sub­
sequent flame spreading, from aft-end igniters. Ref. 19 reported that first
ignition was observed to take place near the igniter jet impingement point.
The flame front then advanced toward the head-end of the motor, but the
spreading rate was retarded by the.compression of the stagnation zone. Ref.
27 (1965, UTC) reported that the peak heat transfer occurred 2 to 3 port
diameters from the igniter exit plane. First ignition took place near that
point and the flame propagated rapidly up the motor port until the stagna­
tion zone was reached. Flame spreading into this region was very slow. Ref.
29(1965, UTC) attempted to predict flame spreading rates based on pre-first
ignition heat transfer measurements. It was found that the flame spreading
rates predicted in this way were significantly slower than measured flame
spreading rates. Such effects on the heat transfer by the propellant com­
bustion products were also reported in Ref. 31 (1967, UTC). This points out
the obvious - that the reaction of the igniter jet to the mass addition from
the propellant grain and the consequently rapidly changing motor pressure
alters the heat transfer. Ref. 108 (1966, NASA-Lewis) reported that the
igniter flow penetrates the motor port only at relatively low motor chamber
pressures. This gradual expulsion of the igniter jet must alter the heat
transfer distribution and time history from that observed prior to first
ignition.

Carlson, Seader and Wrubel (85,1965, 86, 1967, 87,1967, 88,1967, Rocket­
dyne) have found that the heat transfer from aft-end igniters prior to first
ignition can be correlated with classical heat transfer parameters, at least
for cylindrical motors. The graphical correlations developed in these
studies are valid only for supersonic igniters operating over a given range
of (mign/Ap). Other heat transfer studies reported in References 27, 29
and 31 are in general agreement with these correlations. Carlson et. al.,
also found that the ~2ximum heat transfer was achieved for a value of
mign/~ ~ 0.3 lbm/in sec. Above this value the heat transfer decreased.
Th~s is attributed to increased interference between the incoming and outgoing
flows at the higher flow rates. Ref. 66 (1968, CETEC) reported no decrease in
heat transfer rates as mign!A increased, at least up to a value of
mign/Ap = 0.56 lbm/in~2sec. tt would seem reasonable to .attribute the dif­
ference between the two studies to greater coherence in the igniter jet in the
latter study. This would result in greater penetration of the igniter jet
into the motor port, even at the higher flow rates.

Early in the study of aft-end igniter systems, it was recognized that an
important parameter in avoiding pressure overshots above the design operating
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*. ~
level is e. This is defined as the ratio of the annular area between the
igniter nozzle and the motor nozzle to the motor throat area. In References
19 and 20 it was reasoned that physical blockage of the motor exhaust nozzle,

I

and hence pressure overshoots, would be avoided with ~ *>1.0. This was
not critically tested in the experimental portion of these two studies be­
cause the igniter was always ejected before 85% of equilibrium chamber pres­
sure was achieved. It was, however, observed in Ref. 20 that the time to
reach operating conditions in the motor was increased by increasing £ *.
This would seem to indicate that the penetration of the igniter jet, and in
turn the flame spreading, was affected bYE* or that aerodynamic, rather than
physical, blockage of the motor nozzle was occurring and thereby hastening
chamber filling. Ref. 57 reported that direct flow visualization studies
showed that changes in ~* has little effect on preignition igniter jet pene­
tration. This indicates that the latter argument, aerodynamic blockage, is
the correct one. Other studies have confirmed this reasoning by observing
pressure overshoots with £*'s as high as 1.4.

Ki1groe, Fitch and Guenther (66, 1968, CETEC) have proposed an analyti­
cal model to predict the correct£* and other design parameters, such as
the igniter-to-motor pressure ratio, necessary to avoid pressure overshoots.
The model postulates four basic modes of operation corresponding to four dif­
ferent overexpanded igniter flow regimes. The model considers a control
volume within the motor exhaust nozzle expansion section. Mass and momentum
balances are performed within this control volume assuming that the two
counter flows are isentropic. That is, the flows in both directions are
assumed to be free of shocks and viscous dissipation is ignored. Despite
these simplifications, good agreement is reported between the predicted
blocked-unblocked boundary and the experimental findings. The results indi­
cate that fore* = 1.8, an igniter-to-motor pressure ratio of 4 or less would
insure that no aerodynamic blockage of the throat occurs. However, these
authors point out that the model has been tested only for a limited range of
design parameters, and thus, can not be extended to new situations without
careful testing.

In summary, aft-end igniter configurations offer a number of unique
advantages. Successful systems have been designed to use these advantages.
However, the complexity of the flow field has prevented the development of
any analytical model which can with reasonable certainty avoid the disadvan­
tages - pressure overshoots, long delay times resulting from low igniter jet
penetration and pressure oscillations in the motor exhaust nozzle - and pre­
dict the complete ignition transient.

IV. EXPERIMENTAL INVESTIGATION OF THE IGNITION TRANSIENT The degree of
agreement between theoretical predictions of the ignition transient and ex­
perimental test firings obtained by a number of authors for several different
theoretical models and a range of motor and igniter configurations has been
presented. Models, including those using both isothermal and variable
temperature gas dynamics, have been considered. Some of the examples used
measured flame spreading rates as input to the theoretical prediction scheme.
Others attempted to predict the entire transient, including the flame spread­
ing interval. Some of the models considered used dynamic burning rate
analyses, others used steady state burning relations. The material in this
chapter is the comparison between experiment and theory for a single model
tested over a range of igniter system and engine design parameters. This
material is presented here for a number of reasons. First, it is important
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tha't any potential user of these models be aware of the "range" of agreement
that is obtained between theory and experiment when a single design parameter
is systematically varied. This systematic variation of design parameters raises
in a logical manner, other questions concerning the limitations of these models .
in general, and in particular, the applicability of these models in marginal
ignition or hangfire situations.

The analytical model used in this work is the one which was developed in
Chapter II. In particular, a constant critical ignition temperature was used~

Heat release by exothermic decomposition reactions occurring below the igni­
tion temperature and near the propellant surface was included. The heat
transfer from the gas phase was described by an empirical correlation,
tJU~A=- O.O't~ "Re:~~ (See Chapter III-C for discussion of this heat
transfer correlation and Ref. 134 for further details.) The flame spreading
model discussed in Chapter II. was used. The burning rate was always taken as
steady state, and generally of the form r.,.= k.1>e" This allowed the gas
dynamic equations to be cast in the form given by Equations 11-13 and 11-14.
These gas dynamic equations were developed on the basis of the following
assumptions:

1. The control volume does not vary during the ignition transient.
2. The thickness of the flame zone is small compared to the con-

trol volume.
3. The gases are calorically perfect.
4. The heat addition and body work terms are negligible.
5. The composition of the igniter and propellant combustion

gases are the same.
6. The two gases mix instantaneously.
7. The exhaust nozzle is choked throughout the ignition transient.
8. The pressure is spatially uniform. This implies low Mach

numbers in the motor port.
9. The kinetic energy terms are small compared to the thermal

energy terms.
10. The gas temperature is spatially uniform.

Assumptions 8, 9 and 10 are the critical assumptions which can not be relaxed
in any easy way. Many of the other assumptions can be relaxed in obvious
ways. The computer prediction program used in this work is given in Ref. 134.

The major portion of the experimentaL program consisted of firings of a
two-dimensional motor which employed. a. gaseous igniter located at the for­
ward end of the grain. These experiments included the measurement of igniter
and motor pressures with fast response gauges, high speed photographic ob­
servation of flame initiation and flame spreading, the measurement of heat
transfer rates at various. parts of the grain and the measurement of tempera­
ture gradients in the motor port.

The motor was rectangular-, 3/4" x 1" x 10", with one side wall being a
Plexiglas window to permit photography of the flame spreading interva 1. (See
Figure 17.) The propellant grain was a flat bed of propellant. Both aluminized
and unaluminized AP-PBAA propellants were used. The propellant composition in­
formation is shown in Tab1e- II. The equilibrium chamber pressures ranged up
to 500 psia and the thrust ranged correspondingly to about 15 lbs. The overall
ignition transient from first application of the igniter until equilibrium
operating conditions are reached was typically between 200 and 300 msec in
duration for vigorous ignition situations.
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The igniter source used in the major part of this program was a gas
torch which burned gaseous oxygen and methane. The igniter was fed by fast
acting valves and critical conditions were maintained across the injector
orifices except during the igniter tailoff. The mixture ratio in the igniter
was held at the stoichiometric ratio. The igniter torch operated typically
at 95% C* efficiency. The igniter combustion gases flowed through a choked
internozzle. In the expansion section, separation is believed to have
occurred with the accompanying shock diamond. However, at the leading edge
of the propellant grain the igniter flow was reattached to the channel walls.
Thus the grain was exposed to a highly turbulent subsonic flow. The igniter
combustion gases were subjected to a highly nonadiabatic cooling during the
expansion process. The recovery temperature at the channel midline over
the propellant leading edge was typically l700oK.

The igniter mass flow in this experimental situation was not treated
as a square wave as in the sample theoretical prediction discussed above.
The actual onset and tailoff of the igniter were taken into account by de­
tailed measurement of each experimental record. The volume of the igniter
chamber in this laboratory scale system is a significant fraction of the
main chamber volume. This additional volume was treated in an approximate
manner by adding it to the total volume of the system at the time the igni­
ter nozzle was unchoked by the rising back pressure in the main motor.

A typical experimental run is shown in Figure 18. The igniter supply
valves open. The pressure across the injector rises. Ignition is achieved
in the igniter chamber and the hot gases begin to flow into the main chamber.
After an induction period, the pressure in the main chamber begins to respond
to the flame initiation and spreading down the propellant grain. Chamber
filling follows the completion of flame spreading. After a small overshoot
due to the igniter tailoff, equilibrium conditions are achieved.

A. Photographic Observations Extensive photographic observations of the
flame spreading process during the ignition transient were made. A few frames
from one of the movies are shown in Figure 22. These high speed movies con­
firm the concept of a flame front prop~g~ting over the propell~nt surface.
This flame front is not as sharp a dividing line as the one~dimensional de­
scription used in the analytical model would implyo Rather, the flame front
is characterized by a narrow region in which there is a varying density of
points of local ignition. As this narrow zone moves down the propellant
surface, the flame fills in the diffuse region behind it. The hypothesized
mechanism of flame spreading, originally advanced by Summerfield and men­
tioned in the analytical development, states that each surface element is
brought to ignition as a function of the heat flux history to it and that
ignition of an element is independent of the thermodynamic state of its
neighbors or its position relative to the flame. Thus, it is reasoned that
the diffuseness of the narrow region identified as a flame front is controlled
by the local variation in heat flux due to small surface irregularities.
This is verified by the observation that the length of the diffuse region of
the flame front can be dramatically varied by roughening the surface with
sandpaper or a wire brush.

A second observation which confirms this concept of flame propagation
is that the flame can occasionally "jump" to a location as much as several
inches in advance of the main flame front. The interesting point is that
these advance flamelets do not spread, but remain relatively stationary until
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overtaken by the main flame front. This indicates that the local point, due
to an irregularity in the surface, received higher heat flux than its n~igh­

bors. Since the surrounding surface was not yet ready to ignite, no flame
spreading could take place and hence, these advance flamelets do not have a
significant effect on the overall ignition transient.

In summary of these observations: the useful concept of a one-dimensional
flame front propagating progressively over the propellant grain can be retained
as a useful approximation. The demarcation line is not sharp and the diffuse­
ness of the flame front region is a function of surface roughness. Theposition
of the flame front predicted on the basis of the one-dimensional approxi-
mation will be some mean location within the diffuse region. A flame can
appear on the surface well ahead of the main front due to locally high heat
transfer but spreading from such a point will not take place. The few
advance flamelets have little effect on the overall ignition transient.

The flame spreading over an aluminized grain was also investigated photo­
graphically. (Figure 23) The effect of the molten aluminum particles liberated
from the first portion of the grain to be ignited on the ignition of the
remainder of the surface was studied. The hot aluminum particles were ob­
served rising from the ignited surface and entering the gas stream. Many
particles were seen actually rolling down the surface. In general, those
particles that hit the unignited surface did not attach themselves there or
cause any significant spread of ignition as they traveled downstream. The
diffuseness of the flame front region was comparable to that observed on an
unaluminized grain with the same surface roughness. In short, the flame
spreading over an aluminized propellant is very similar to flame spreading
over an unaluminized propellant. The quantity of hot aluminum particles
liberated from the grain is not sufficient to augment significantly the spread
of ignitedness.

There is a second very qualitative observation regarding the aluminized
propellant. The visible radiation from the flowing gases and particles in the
sensitive portion of the film's spectral response was much more intense than
was observed with the unaluminized propellant. Subjectively the radiation
appeared to intensify rapidly as the amount of liberated hot aluminum in the
flow increased. Although this is admittedly a very qualitative observation
and was not pursued further, it suggests that radiation from the hot aluminum
particles would be an important means of energy transfer during the latter
portion of flame spreading over heavily aluminized propellant grains.

B. Gas Temperature Measurements It was assumed in the development of the
theoretical model presented in Chapter II that both the pressure and gas tem­
perature in the motor port could be treated as spatially uniform, and varying
only with time. In order to test the validity of the ~T =0 assumption, the
temperature of the igniter gas was measured during the in~uction interval.
This was done by replacing the live propellant. grain with an inert material
of similar thermal properties. Thermocouples were mounted at several axial
positions in the port across the flow direction with the junctions at the motor
centerline.

These measurements indicated temperature gradients on the order of 700 K/inch
along the centerline of the rectangular motor during the induction interval.
This implies that the flow is fully developed, at least in the sense that the
thermal profile extends to the centerline of the motor. Thus, during the
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induction interval and the early portion of flame spreading interval, the
assumption of ~Tc = 0 is very poor. The crudeness of this assumption is
recognized, both in terms of the gas dynamic model and in terms of the heat
transfer correlation used in this study where it was assumed that the tem­
perature difference across the boundary layer AT = (Tg '- Ts ) C Tg = constant.
However, the approximation improves for the gas dynamic model as the ignition
transient progresses. As flame spreading proceeds, the mass flow in the port
increases. Consequently, the total energy content of the gases increases.
The area available for heat losses decreased rapidly, going to nearly zero at
the end of flame spreading. Thus, the approximation improves as the ignition
transient proceeds and should be completely valid after flame spreading is
complete. This is fortunate because it is during the end of the flame spread­
ing interval and the beginning of the chamber filling interval that the most
significant gas dynamic processes are observed to occur - the maximum rate
of pressurization and the accompanying maximum dynamic temperature change
(5,10,132).

It is interesting to note that the measured axial gradient in gas tem­
perature is not sufficient in itself to explain the observed difference in
heat flux rates between the two ends of the propellant grain. If the boundary
layer film coefficient were constant down the length of the port, the ratio
of the heat flux at two axial locations on the grain should equal the ratio
of the gas temperature over those locations.

~ = ~.., ~\ ~ ~"T,

:. ~'!~z. = tr~I;tT,\.
where the subscripts 1 and 2 refer to axial positions. The experimental
results are:

.,
This indicates that two mechanisms are at work, heat losses establishing a
temperature gradient and a changing boundary layer altering hconv •

C. Pressure Measurements The experimental test firings of the rectangu­
lar motor included in this paper consists of five series. In each series a
single experimental parameter was systematically varied with all other
parameters held constant. In Series A the exhaust nozzle was varied, in
Series B the igniter duration was varied, and in Series C the igniter mass
flow rate was varied with the total igniter mass held constant. Series D
is a study of marginal igniter duration and Series E shows the effect of
aluminum addition to the propellant.

Series A - Exhaust Nozzle Varied. The pressure transients for Series A are
shown in Fig. 24. Duplicate firings with identical conditions were made for
each one of these tests. The repeatability of these tests was excellent and,
therefore, the duplicate firings are not shown. The pressure overshoots
above the design operating conditions are due to extended igniter durations.
The small triangle on each trace indicates the time at which the igniter
feed valves were closed. If the igniter action had terminated sharply at
this time, the prefiring computer predictions indicated that the igniter would
have been properly tailored. The overshoots, then, were due to the capac­
itance decay of the igniter and its feed lines.
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.) The agreement between the theoretical predictions using the experimental
igniter tai10ff and the complete experimental firings for these nonmargina1,
vigorous ignition situations is illustrated in Figures 25 and 26. (The reason
for the qualifications on this statement will become apparent later.) Figure
25 is typical of the good agreement that has been obtained for these vigorous
ignition situations and Figure 26;"represents the greatest lack of agreement.
The agreement between theory and experiment for all of the test firings in
Series A and B (Figure 27) was within these limits.

It has been suggested that the degree of agreement between the theo­
retical predictions and the experimental test firings shown in Figures 25
and 26 would not be anticipated on the basis of the scatter in the heat
transfer data shown in Figure 1. The greatest degree of scatter in Figure 1
is for the data taken during flame spreading over live propellant grains.
Further, the greatest degree of scatter in these runs occurs when only a
small percentage of the surface is ignited, and consequently, the mass flow
rate is relatively small. The scatter in the data reduces as the mass flux
increases. The comparatively large mass flow rates provided by the pyrogen
igniter also resulted in less scatter in the heat transfer data. These two
factors result in better characterization of the heat transfer, and con­
sequently better agreement between prediction and test firing, than would be
judged from an initial examination of Fig. 1.

It should be emphasized that the pressure overshoots observed in Series
A are not due to nonsteady burning rate effects on the mass addition from the
propellant. It was stated in the theoretical development that it can be
shown that nonsteady burning rates are not important at these rates of pres­
surization.(5,6) The fact that the overshoots observed in Series A can be
calculated from the igniter characteristics is experimental verification" of
the absence of such effects.

Series B - Igniter Duration Varied. The pressure transients for Series Bare
shown in Figure 27. This series illustrates that the pressure overshoots ob­
served in Series A can be eliminated by progressively reducing the igniter
durations. Not only are the overshoots eliminated, but the rate of pressuriza­
tion is decreased in a predictable manner. Both the peak pressure and the
rate of pressurization are of interest to the structural designer. The ability
to predict, without the aid of an extensive experimental firing program, the
effects of design changes in the igniter on these parameters is of critical
importance. It is clearly apparent that decreasing the igniter duration is
not a linear effect and could not be extrapolated in any obvious way from a
single test firing. By comparing Runs B-3 and B-4 of Series B, it would
appear that some sort of limit is being approached. This will be discussed
1ater o

Series C - Igniter Flow Rate Varied. A hangfire is characterized by there
being a long delay in reaching the motor operating conditions. The motor
generally appears to be completely inactive during this interval, as if the
igniter had never fired.. This situation can arise when the igniter stimulus
is capable of igniting only a small portion of the propellant grain. The
amount of mass produced by the ignited portion of the grain is insufficient
to supply the heat transfer necessary to continue rapid ignition.

It can be easily shown that, for the heat transfer correlation used in this
study (Nux+aIVR~~.8), the rise in surface temperature of the propellant is
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can be seen that, a~though a given igniter may contain enough total mass for
a successful ignition transient, if it is fired at too Iowa mass rate of
flow, a misfire or hangfire may occur. In practice, such a reduction in ig­
niter flow rate could occur because the igniter material is at a low ambient
pressure or because the igniter nozzle throat is enlarged. Series C (Figure 28)
demonstrates this interesting type of hangfire.

Between Firings C-l and C-4, the mass flow rate was reduced by a factor
of 3.7 with the total igniter mass held constant. The time to reach operating
conditions was increased by a factor of better than 7. This series was not
carried to the obvious conclusion of a complete nonfire because of experimental
difficulties. Combustion in the igniter chamber could not be maintained at
flow rates below that used in Firing C-4.

The high speed movies of a long delay firing are very interesting. As
an example of such a run, Figure 29 shows the details of the pressure-time
trace and Figure 34 shows a few frames from the movie. This run is similar
to Firing c-4 shown in Figure 28. In the run shown in Figure 30 a neutral den­
sity filter was placed across part of the motor window. The "unfiltered" por­
tion of the window is the leading edge of the grain where first ignition occurs.
This filter was added so that the weak first flame could be observed and proper
exposure still maintained as the flame intensified as it propagated downstream.
The low heat transfer rate associated with the low igniter flow resulted in
the first flame appearing on the grain at 335 msec into the run. As the ig­
niter action continued, rapid flame spreading took place over the leading 25%
of the propellant grain. At this point the igniter action ended and the flame
spreading rate dropped to almost zero. This occurred at 625 milliseconds into
the run. For the next 725 milliseconds the flame front location barely moved.
During this long interval, the chamber pressure was almost at the ambient
pressure, but the low mass flow produced by the ignited 25% of the grain con­
tinued to heat the remainder of the grain. Finally, at 1350 milliseconds into
the run the flame front began to advance rapidly down the surface. The flame
spread over the unignited 75%of the gra~n in 125 milliseconds. This portion
of the firing appeared just like a normal, vigorous ignition transient. Figure
29 shows that the rate of pressurization is about the same as observed in the
more vigorous situations.

Firing C-4 also shows an interesting pressure overshoot. The pressure
overshoots seen in Series A and B (Figure 24 and 27) and Firing C-l (Figure
28) are due to extended igniter durations. The overshoot observed in Firing
C-4 is due to the preheating in depth of the unignited portion of the propel­
lant during the long delay between the start of igniter firing and the final
rapid phase of flame spreading. At these low heating rates, the thermal wave
has penetrated far enough into the solid so that the:re is a layer of propellant
which burns with an increased rate due to the higher initial temperature of the
propellant. The increased burning rate of this thin layer results in a pres­
sure overshoot. No other explanation seems possible. The igniter has been
turned off for a long time before the operating conditions are approached and
hence, could not cause the overshoot. The overshoot can not be attributed to
nonsteady burning effects, in the sense that the burning rate is a function
of the rate of pressurization, because no overshoots were observed in Firings
C-2 and C-3 which experience similar rates of pressurization.
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When Series C was initially done, it was found that the quality of the
computer predictions degenerated for increasingly marginal ignition situations,
although the correct trends were predicted. The theoretical predictions in­
dicated marginal ignition, but consistently yielded longer hangfires than were
observed experimentally. This indicated that some source of energy input to
the grain had not been included in the model. This led to the inclusion of
the self heating term discussed in the theoretical development, 1s~r-:' = p,.t:R't"
=. PpQA ew(- ilt!T~) . The effect of this term is dramatically shown in
Figure 31 for a marginal ignition situation. The values of the activation
energy, Es ' and the heat release parameter were obtained by selecting those
values which brought the theoretical predictions into agreement with the ex­
perimental firings for Runs C-l, C-2 and C-3. This may appear to be a crude
approach. However, it can be justified on two bases. First, it is apparent
from the experimental work that an energy source, important only in marginal
ignition situations, was missing from the model. A heat release at or near
the surface is the only physically reasonable place to look'for it. Secondly,
the necessary physical parameters are not well known for steady state cases,
and certainly are not available for incipient transient cases. Thus, a certain
amount of curve fitting is justified. The activation energy and surface heat
release found this way are within approximately 10% of the quoted steady state
values. (133) The values, which gave the best fit for all three runs, C-l, C-2
and C-3, are activation energy, Es = 13,700 cal/mole, and heat release para­
meter, Q = 250 cal/gram. Using this value of Es ' the correct value for A was
calculated by mat~hing the calculated burning rate to the measured one with
Ts taken as 9000K~133).

It is important to re-emphasize that, even without this self heating
term, the proper trends were predicted. Thus, the designer would be warned
that the igniter is marginal, even if detailed agreement between the prediction
and a test firing is not achieved.

Series D - Marginal Igniter Durations. Series D (Figure 32) was originally in­
tended to display the effects of varying the size of the motor exhaust nozzle
systematically, while other design parameters were held constant. This is
similar to Series A. The difference was to be that the pressure overshoots
observed in Series A would be eliminated. A choice was made of the magnitude
and duration of the igniter flow, and these were held constant.

This systematic variation of nozzle throat diameter, from small to large,
was expected to show corresponding systematic changes in the final equilibrium
pressure, from high to low. It can be seen in the pressure-time traces of this
series, that this expectation was fulfilled.

However, some irregular behavior showed up in the traces for the firings
with the largest nozzles. Upon examination of this situation, it was concluded
that this resulted from the choice of an igniter input (mass flow and duration)
that was very close to the marginal requirement for prompt ignition. Under
such circumstances, while the firings with the smaller nozzles resulted in
acceptable pressure-time traces, the firings with the larger nozzles showed
erratic behavior indicative of an ignition input that is marginal.

Further verification of the interpretation, that this particular choice
of igniter flow and duration was marginal, was provided by the appearance of
some unexpected hangfires in the Series during the test firing program. These
unexpected hangfires are shown in Figure 33. There was no change in the firing
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conditions for the traces shown in Figure 33 as compared with the traces shown
in Figure 32. The interpretation is clear, that the ignition exposure was
marginal. As may be expected in a marginal situation, the firing behavior is
sometimes normal, and in such normal situations, it was found that the experi­
mental firing trace came close to the theoretical prediction for that situation.
Such agreement is shown in Figure 34.

That the chosen exposure was indeed marginal was demonstrated theoretical­
ly by carrying out the computer prediction with a 10% smaller igniter mass flow
than that standardized for Series D. The drastic effect of so small a reduction
in the igniter mass flow is shown in Figure 3S. The standard exposure is com­
puted to produce a normal ignition; however, the 10% weaker exposure results
in a hangfire. It is obvious that the chosen mass flow and duration were
marginal for this motor.

From observation of the normal-appearing curves in Figure 32, it appears
that enlargement of the exhaust nozzle does not stretch out the induction
period, but it slows down the rise of pressure from the start of the grain burn­
ing to the final equilibrium level. That the induction period is unaffected
by enlargement of the exhaust nozzle follows theoretically from the fact that
the heat flux in the preignition interval is not dependent on the pressure
level. Rather, it is a function of the flow rate divided by the port area
(~ == ~~+o/~,p.) • This is kept constant. The slowing down of the
rise. ~~pressure after the induction interval results from the lower rate of
burning associated with the enlarged exhaust nozzle.

The drastic effect of so small a reduction in the igniter mass flow
raises the question of the sensitivity of the model to such parameters as the
ignition temperature and the thermal conductivity of the propellant. It was
mentioned in the theoretical development that the thermal conductivity of the
solid is assumed not to vary as the propellant heats up. This introduces an
additional uncertainty which varies with time. As might be anticipated, the
model is more sensitive to small uncertainties in the parameters in marginal
situations than in vigorous ignition cases. The standard d~viation in the
experimental determination of the ignition temperature was -lSoC. In order
to test the efffct of this uncertainty, the results of varying the ignition
temperature by -200 C, for both vigorous and marginal cases, are+shown in
Figure 36. The effects of varying the thermal conductivity by -10% for both
cases are shown in Figure 37. The relative insensitivity to variations in
thermal conductivity in the vigorous ignition case is justification for taking
solid phase properties as constant in the analysis. However, the extreme
sensitivity of the model to the ignition temperature and the conductivity must
be kept in mind when it is apparent that a marginal situation is being ap­
proached.

Series E - Effects of Aluminum Addition. One way in which the addition of
aluminum to the propellant could conceivably affect the ignition transient
would be for the molten aluminum, liberated from the first portion of the
grain to be ignited, to enhance the flame spreading rate downstream by im­
pinging on the unignited portion of the grain. This possibility was dis­
cussed in the section on Photographic Observation. In short, the aluminum
particles do not augment flame spreading and thus flame spreading over an
aluminized propellant is very similar to flame spreading over an unaluminized
prope llant.
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.~ If one sets aside, for the moment, possible unpredictable combustion
effects caused by aluminum, the presence of powdered aluminum may be ex­
pected to affect the pressure-time trace in several predictable ways. The
first, and most obvious, is that the presence of powdered aluminum increases
the thermal diffusivity of the solid propellant; this would act to slow down
the rise of surface temperature at any given point on the propellant grain,
and thus, slow down the rate of flame spreading. In addition, the presence
of aluminum changes both the burning rate and the pressure exponent. What
these changes are, depends on whether the aluminum is added at the expense
of ammonium perchlorate, at the expense of fuel, or at the expense of both.
For the comparative firings reported in this paper (Fig. 38), the aluminum
was added largely at the expense of the perchlorate, although some of the
fuel was also removed. The percentages of the three components for the
two propellants are given in Table II. The burning rate exponent was de­
pressed from 0.40 to 0.27 in the range of pressure applicable to this tran­
sient. At the same time, a significant change was observed in the burning
rate of the propellant (measured in a strand burner), the value rising from
0.09 in/sec at the preignition pressure of 40 psia to 0.12 in/sec at the same
pressure. Thus, the addition of aluminum made the propellant burn more
actively in the lower range of pressure corresponding to the preignition in­
terval.

In the particular test firing comparison reported here, the effects of
both increased thermal diffusivity and increased burning rate are observed
(Fig. 38). As seen from the theoretical predictions shown in Figure 39,
the induction period is lengthened for the aluminized propellant but the
higher burning rate results in a greater dp/dt. Thus, equilibrium conditions
are reached earlier despite the later start. Time did not permit more
elaborate tests to isolate these two effects. An excellent test of the ef­
fect of the increased thermal diffusivity of the aluminized propellant would
be in the hangfire or long delay fire limit. Under such conditions, the
thermal diffusivity of the propellant becomes very critical, as is shown in
Figure 37.

In general, the agreement between the theoretical predictions and the ex­
perimental test firings (Fig. 38) for the aluminized propellant is similar to
the agreement obtained for the unaluminized propellant. However, Firing E-l
requires some additional explanation. The larger-than-normal divergence be­
tween the theoretically predicted and experimentally observed behavior is not
due to any breakdown of the model because of the presence of aluminum. The
earlier-than-expected pressure rise is attributed to progressive plugging of
this small nozzle as the aluminum oxides condensed on the nozzle. It was dif­
ficult to identify an equilibrium pressure on the firing trace because the pres­
sure continued to rise rapidly until the gr~in was consumed. After the test
firing, an aluminum oxide "mold".of the nozzle was found in the motor. This
confirmed the suspicion that the effective throat area was varying during the
test firing. Repeated test firings failed to eliminate this difficulty. This
behavior was not observed in test firings with larger nozzle. throat diameters.

Series F - Application of Prediction Method to Practical Motor Configurations.
Experimental test firings also were carried out for several rocket engines of
more practical configurations than the two-dimensional motor. These experiments
involved laboratorY-size rocket motors with a solid propellant igniter located
at the forward end of the motor(9,lO).(Fig. 19) The igniter used a CMDB type
propellant. The motor grains were an AP-PBAA unaluminized composition weighing
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up to 0.33 1bs. Various hollow cylinders and star-shaped grain designs were
fired. Companion predictions were made for these test firing~, using the same
equations and heat transfer correlation developed for the two-dimensional motor
described above.

The quality of the predictions can be judged in Figure 40, which compares
the experimental and theoretical curves for a star grain motor. The same gas
dynamic equations and heat transfer correlation developed for the rectangular
motor were used. Although there is good agreement between the theoretically
predicted and experimental trends, certain consistent differences are observed.
In Figure 40, the experimental trace begins to deviate from the pre-ignition
pressure level earlier than was predicted. This is attributed to more rapid
flame spreading down the points of the star grain than was predicted from the
flat plate heat transfer correlation. Once flame spreading began in the case
of the theoretical prediction, it took place more rapidly than in the experi­
mental case due to the longer pre-heating of the surface. It was found, in the
computer study conducted by diLauro(10), that the maximum rate of pressuriza­
tion is altered by the pressure level which is achieved at the end of flame
spreading. In this case, the predicted pressure at the end of flame spreading
is low because of the prediction of rapid flame spreading. This results in a
prediction of a higher maximum rate of pressurization. This effect, coupled
with the possibly slower than predicted flame spreading along the sides of the
star points, is believed to account for the high rate of pressurization pre­
dicted by the model.

The elimination of these consistent differences would require a detailed
study of the heat transfer along the points of the star. This has not been
done.

Series G - Hot Particle Igniter Test Firing. The second set of experiments with
practical configurations involved a rocket engine which uses a pyrotechnic ig­
niter. (Figure 20) This motor was selected because of the great difference be­
tween the previously studied pyrogen igniters and this hot particle system.

The simplest assumption that can be made to adapt the present model to this
obviously different situation is to assume that the flame spreading is instan­
taneous. This particular motor is singularly suited to this assumption since
the igniter tube extends the entire length of the grain. This brings most of
the propellant surface area under direct impingement. Experiments were per­
formed to gain knowledge of the percentage of the propellant surface which was
initially covered by impinging igniter products. These tests, done by firing
the igniter on to an inert grain, confirmed that most of the surface was indeed
subjected to direct impingement, except for a small region in the head end of
the motor. This uncovered area constituted approximately 12% of the total area.
The quality of the limiting assumption of instantaneous flame spreading can be
judged by comparison of the theoretical prediction and an experimental test
firing of a live grain.

Another necessary piece of information was the flow rate versus time char­
acteristics of the piccolo tube two-phase flow igniter. This information was
obtained by firing the igniter into an inert chamber.

The comparison of the theoretical prediction and an experimental test fir­
ing is shown in Figure 41. The agreement is surprisingly good. The assumption
of instantaneous flame spreading dictates that the initial rate of pressuri­
zation should be higher than observed experimentally since (dp/dt)max is known
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~ to occur at the end of flame spreading. (5) This assumption also dictates that
the theoretical d'/dt must be lower at some later time than the experimental
value. This behavior is, in fact, seen in Figure 41.

The error in predicting the time of maximum pressure and the "saddle" in
the experimental curve can be attributed to the flame spreading into the stag­
nant region mentioned above. The 3% difference between the theoretical and
experimental peak pressure is due to a probable under-estimate of the pressure
contribution of the vapor - particle mixture during live motor firings, as
compared to the firing of the igniter into an inert chamber.

The encouraging result of this study is that useful theoretical pre­
dictions of the ignition transient can be made for complex engines by using
even the simplest assumptions, providing the gas dynamics are adequately de­
scribed.

V. CONCLUSIONS AND PROBLEMS FOR FUTURE WORK

A. Conclusions. A physically rational theory has been developed that can
predict motor ignition transients for the class of rocket motors with head­
end pyrogen igniters and with large port-to-throat area ratios. Within this
theory the complete ignition transient, including the flame spreading inter­
val, is predictable, provided some description of the heat transfer to the
propellant grain is available. Additionally, the model is capable of deal­
ing with at least portions of the thrust transient for a much wider range of
rocket engine types, and ways can be seen for extending it eventually to
cover the entire transient of such complex engines. The validity of the gas
dynamics of the model and the characterization of the local ignition and flame
spreading process have been adequately confirmed experimentally in a wide
variety of situations.

The model assumes that local ignition can be characterized by a simple
critical surface temperature criterion. This has been shown to be generally
adequate, except in marginal ignition situations where a propellant grain
self-heating term must be included.

Three critical assumptions are made in the gas dynamic model :VP..o\~'»U~VT'=o.
The first two assumptions were shown experimentally to be good approximations
for the class of motors investigated (large port-to-throat area ratio.) The
assumption of ~T=o was shown to be a poor approximation, however, at least
during the preignition interval and the early portion of flame spreading.
Fortunately, the degree of error introduced by this approximation does not seem to
degrade too much the agreement between the theoretical predictions and the ex­
periments.

A number of empirical engineering-type heat transfer correlations have been
developed for the flow in the motor port during the induction and flame spreading
intervals. It is very difficult to summarize these correlations because of the
many igniter design variables involved and the wide variety of assumptions and
experimental configurations which have been used. The flow in a rocket motor is
far from any ideal flow of the kind that can be treated on a firm theoretical
basis. This makes it impossible to extrapolate the empirical heat transfer cor­
relations to situations significantly different from those actually tested. How­
ever, this is not to deny the usefulness of the present correlations. The degree
of agreement which has been achieved by a number of researchers between their
theoretically predicted ignition transients and experimental test firings quickly
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shows the value of this work to the design engineer. Nevertheless, because a
universal heat-transfer correlation for each geometry is not possible, the de­
sign engineer must understand in some detail the conditions under which each
particular correlation was obtained and exercise caution when extrapolating it
to significantly different conditions.

Photographic observations confirm the existence of a narrow, diffuse region
which can be identified as a flame front during flame spreading. These obser­
vations, and the ability to predict the flame spreading rates quantitatively On
the basis of measured convective heat transfer correlations, confirm the hy­
pothesis that ignition of a surface element is a function only of the heat flux
history to the element and does not depend on the element's position relative
to the flame nor on the thermodynamic state of the surrounding elements.

~e

meters.
tal test

theoretical model was tested over a wide range of experimental para­
Good agreement between the theoretical predictions and the experimen­
firings was obtained in all cases involving normal, vigorous ignition.

It was demonstrated that pressure overshoots above the design operating
condition can be caused by a number of igniter effects. Too vigorous an ig­
niter, for example, which provides too great a mass flow or which continues to
fire beyond the chamber filling interval, will cause a pressure overshoot. An
overshoot can also be caused by a slow, long duration igniter leading to exten~

sive in-depth pre-heating of the propellant before the completion of flame spread­
ing. ~is results in a higher than normal burning rate in the latter part of
the transient until the pre-heated layer of the propellant is consumed.

A marginal igniter can lead to a hangfire if only a small portion of the
propellant surface (e.g. 20%) is ignited during the igniter action. It was
shown both experimentally and theoretically that the boundary between a satis­
factory igniter design and an unsatisfactory one is very narrow. The divergence
between the two is very abrupt. The capability of the propellant to generate
heat at or near the surface by exothermic decomposition during the induction
period, as the surface slowly heats up, which is described in the analysis by
means of a self-heating term, becomes critically important for accurate pre­
dictions near the boundary. Without this term, the predictions at the boundary
become much too pessimistic; with it, they are much more accurate. The theo­
retical model is very sensitive to the accuracy of such parameters as the ig­
nttion temperature and the propellant thermal conductivity near the boundary,
but it is relatively insensitive to these parameters for vigorous ignition cases.
This question of the boundary between ignition failure and ignition success,
and the prediction of hangfires, is one of the most important practical results
of this line of research.

Photographic observations of flame spreading over an aluminized propel-
lant grain have sho~ surprisingly, that the hot burning aluminum liberated
from ignited portions of the grain does not augment the spread of ignitedness
downstream. Thus, the flame spreading model is not any different from that of
the unaluminized propellant case. Of course, the addition of aluminum to a pro­
pellant tends to stretch out the induction period by increasing the thermal cool­
ing at the propellant surface. Also, there are combustion effects of the added
aluminum, related to the measured normal burning rate curve. For example, the
aluminized propellant used in this study had a higher burning rate than the un­
aluminized propellant, and so this shortened the overall transient by steepening
the rate of pressure rise. This obviously, is not a general result, but the
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eftect is predictable.

It was also shown that the analytical model can be used with just simple
assumptions to make useful approximate predictions of the ignition transient
for even a more complex engine, such as the one with the pyrotechnic igniter
system reported in this paper. The model provides a rational basis for evalu­
ating these assumptions and suggests means of improving the igniter. This in
itself is a valuable guide to the design engineer.

B. Problems for Future Work. Future work on the prediction theory for the
ignition transient should be directed toward a more comprehensive gas dynamic
description that would permit the relaxing of the limiting assumptions of the
present gas dynamic mode1, 'If>: 0, VT= 0 and ~'>~ U 2. The 'VT"c..=0
assumption has been shown to break down even in motors with large port-to-throat
area ratios. The other two assumptions will break down in the case of motors
with high volumetric loading. The removal of these limiting assumptions re­
quires the development of more comprehensive gas dynamic equations.

In high volumetric loading motors, erosive burning contributions will
become important. In order to treat this adequately, detailed knowledge
about the velocity profile down the motor port will be needed. The rates of
pressurization are generally higher in such motors than those treated by the
present models. A correct nonsteady burning rate analysis will have to be
incorporated into the ignition transient model to account for this effect.

The present models should be tested in and extended to new situations,
such as those involving gas-less (hot particle) igniters and igniters with
intense radiation. The heat transfer and accompanying flame spreading into
stagnant regions is a greatly neglected problem that should receive attention.
Motors with complex port geometries and motors with more than one port cannot
be treated by present methods with accuracy. And motors with igniter flow
discharges positioned at places other than the forward end of the grain will
have to be considered in future work.

The extension of the present approach to these additional motor and ig­
niter design situations can probably be achieved with reasonable success, once
the diagnostic work on flow patterns and heat transfer distributions is done.
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TABLE II

Table of Experimental Parameters
and Propellant Properties

Rectangular Roeket Motor

Ve = 140 em3

Aa = 46 cm2

J. = 24.1 em
Ap = 4.0 em

Star Grain Roeket Motor

Veo = 79.3
A. = 241
J. • 24.1
Ap = 2.14

3
em
em2
em
cm2

Pyrotechnie Igniter Motor

Vc. = 302 em3 ',,= 311 em2
Jl. = 19.1 em
Ap= 15.8 em2
c:l~ = 4.5 nun (4 nozzles)

Propellants

I Una1uminized Composition

PBAA 17
Epon 828 3
AP Fine (15,..) 24
AP Coarse (180~ ~

100

125, 126)
125, 126)
126)
126)

g/em see (123, 124,
g/em see (123, 124,
eal/em sec °e (125,
eal/em see °e (125,

x 10-4

x 10-4
x 10- 4

x 10- 4

= 6.6
= 4.9
= 3.6
= 2.4

Pr = 1.6 g/em
3

°
e, = 0.3 eal/g c
~= 9 x l(j4 eal/em see. °e

- -r.. = 4200 e
~= 2078°K

_ {(frOZen) • 4386 ft/see
C (equilibrium) = 4397 ft/see
~ = 0.441 ea1/g °e
"(=1.26

111,= 22.23
~ (20000 K)

~ l (12000 K)

{
(2000OK)

~, (1200~)

-74-



II Aluminized Composition

PBAA
Epon 828
AP Fine (15,eJ
AP Coarse (180~

A1 (1q,..) .

15
2

19 .
49
~
100

124, 125, 126)
124, 125, 126)
(125, 126)
(125, 126)

= 6.0 x 1cr4 g/em sec (123, 124, 125, 126)
= 4.36 x 10-4 g/em sec (123, 124, 125, 126)
= 3.02 x 10-4 ea1/em sec 0e (125, 126)
= 2.20 x 10-4 ea1/em sec 0e (125, 126)

~ = .274, l<. = .014 in 1
3 sec (psia)·u1

fp= 1.69 g/em °
Cp= .286 ea1/g e
"'P= 9.3 x 10-4 eal/em sec °e
-r~= 4200c
T.-. = 29140J<

r#' ( (frozen) = 4886 ft/ sec )
C 1(equilibrium) = 4948 ft/seeJ at 300 psia
c.s = 0.673 ea1/g °e
Y = 1.20

"'f, = 25.85 4

{
(20000K) = 9.5 x 10- g/em sec (123,

~ (12000J<) = 6.9 x 10-4 g/em sec (123,
i(20000K) = 5.16 x lo-~ ea1/em sec 0e

'" [(12000K) = 3.75 x 10- ea1/em sec 0e

Igniter Gases

CH4 + 202+ CO2 + 2H20

,~= 3400<1< at 250 psia
"t = 1.2

-m, ~\ ~~O~60K)
~ (12000K)

(20000K)
~ (12000K)

Heat Transfer Gauge

Gauge Material: Pyrex 7740

". = 2.63 x 10-
3

ea1/em sec °e
p. = 2.23 g/em3
Co = 0.20 ea1/g °e

Film thickness ~ 10- 6 em (122)

. -75-
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(Experimental data from Reference 29)
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